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ABSTRACT
This paper uses detrital zircon (DZ) provenance and geochronological 
data to reconstruct paleodrainage areas and lengths for sediment-routing 
systems that fed the Cenomanian Tuscaloosa-Woodbine, Paleocene Wilcox, 
and Oligo cene Vicksburg-Frio clastic wedges of the northern Gulf of Mex-
ico (GoM) margin. During the Cenomanian, an ancestral Tennessee-Alabama 
River system with a distinctive Appalachian DZ signature was the largest sys-
tem contributing water and sediment to the GoM, with a series of smaller 
systems draining the Ouachita Mountains and discharging sediment to the 
western GoM. By early Paleocene Wilcox deposition, drainage of the south-
ern half of North America had reorganized such that GoM contributing areas 
stretched from the Western Cordillera to the Appalachians, and sediment was 
delivered to a primary depocenter in the northwestern GoM, the Rockdale 
depocenter fed by a paleo–Brazos-Colorado River system, as well as to the 
paleo–Mississippi River in southern Louisiana. By the Oligocene, the western 
drainage divide for the GoM had migrated east to the Laramide Rockies, with 
much of the Rockies now draining through the paleo–Red River and paleo–
Arkansas River systems to join the paleo–Mississippi River in the southern 
Mississippi embayment. The paleo–Tennessee River had diverted to the north 
toward its present-day junction with the Ohio River by this time, thus be-
coming a tributary to the paleo-Mississippi within the northern Mississippi 
embayment. Hence, the paleo-Mississippi was the largest Oligocene system 
of the northern GoM margin.
Drainage basin organization has had a profound impact on sediment de-
livery to the northern GoM margin. We use paleodrainage reconstructions to 
predict scales of associated basin-floor fans and test our predictions against 
measurements made from an extensive GoM database. We predict large fan 
systems for the Cenomanian paleo–Tennessee-Alabama, and especially for the 
two major depocenters of the early Paleocene paleo–Brazos-Colorado and late 
Paleocene–earliest Eocene paleo-Mississippi systems, and for the Oligocene 
paleo-Mississippi. With the notable exception of the Oligocene, measured fans 
reside within the range of our predictions, indicating that this approach can be 
exported to other basins that are less data rich.
INTRODUCTION
The northern Gulf of Mexico (hereafter GoM) continental margin is domi­
nated by the Mississippi River sediment­dispersal system. The Mississippi 
drainage stretches from the Rocky Mountains in the western U.S. to the Appa­
lachian cordillera in the east, and feeds the alluvial­deltaic plain of south Loui­
siana as well as its linked basin­floor fan in the deepwater GoM (Fig. 1; Bentley 
et al., 2015). Regional­scale fluvial systems drain basin­margin terrain of the 
south­central U.S. to the west of the Mississippi, and the southern Appala­
chians to the east. More than 90% of the sediment load delivered to the north­
ern GoM margin during the late Quaternary period comes from the Missis­
sippi drainage (calculated from Syvitski and Milliman, 2007), a load reflected 
in the enormous scale of the Mississippi basin­floor fan. However, integration 
of a continental­scale Mississippi drainage is a Neogene phenomenon, and 
paleodrainage and sediment routing have changed over time (Galloway et al., 
2011; Blum and Pecha, 2014).
This paper presents a detrital zircon (DZ) record of mid­Cretaceous to 
Paleo gene GoM paleodrainage and sediment routing, focusing on Ceno­
manian, Paleo cene, and Oligocene sediment­dispersal systems. Our research 
uses DZs to reconstruct basin­scale paleodrainage, then uses reconstructions 
to predict sediment routing to basin­floor fans. This is one of several ongoing 
parallel efforts that follow a GoM source­to­sink (S2S) theme, which quan­
tify the scale of GoM basin­floor fans through time from subsurface data 
( Snedden et al., 2017) and reconstruct fluvial system scales through time from 
empirical scaling relationships between drainage­basin size and length, and 
point­bar thicknesses measured from well logs (Milliken et al., 2015). Finally, 
papers by Xu et al. (2016, 2017) focus specifically on reconstructing fluvial sys­
tems of the early Miocene. Collectively, these papers illustrate a relatively effi­
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drainage and sediment routing and predicting basin­floor fan systems in a 




The S2S approach emerged in association with the National Science Foun­
dation (NSF) MARGINS program and is grounded on understanding sediment 
production rates, transport and storage through sediment­dispersal system 
segments, delivery rate to sediment sinks, and how the unsteadiness of sedi­
ment production and transfer through system segments is preserved in the an­
cient stratigraphic record (NSF MARGINS Program, 2004). Romans et al. (2016) 
illustrated how the tools required for S2S analyses vary with the time scale of 
investigation. Our goals require empirical data on modern sediment flux and 
scales of sediment­dispersal system segments, and tools that measure scales 
of terrestrial to marginal­marine components in ancient systems, so as to pre­
dict the scales and properties of linked deepwater components.
Our approach assumes that sediment­dispersal system segments develop 
self­similar geometries over 104–106 yr, regardless of absolute scale (equilib­
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Figure 1. Modern drainage patterns in 
North America, illustrating the signifi-
cance of the Mississippi River system to 
the Gulf of Mexico and the Mississippi 
deep-water fan system. A majority of 
the water flux for the Mississippi sys-
tem comes from the Ohio River tributary 
and eastern North America (blue arrow), 
whereas the majority of sediment is de-
rived from the Missouri River tributary 
and the Rocky Mountains and Great 
Plains regions (brown arrow). “WGoM” 
stands for western Gulf of Mexico drain-
age, including the Brazos and Colorado 
Rivers, whereas “EGoM” stands for east-
ern Gulf of Mexico drainage and includes 
the Apalachicola and Alabama Rivers (see 
Fig. 5).
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scales and properties of each segment within a sediment­dispersal system cor­
relate to water and sediment flux, and the scales and properties of one segment 
are inherently related to, and can be predicted from, the scales and properties 
of another in the same system. Syvitski and Milliman (2007) showed that, on a 
global scale, sediment flux scales to drainage area and relief at the first order, 
and at the second order, to hydrology and temperature. Somme et al. (2009) 
quantified scaling relationships between drainage area and the different seg­
ments of modern sediment­dispersal systems, a relationship further illustrated 
by Helland­Hansen et al. (2016), whereas Blum et al. (2013) focused more spe­
cifically on fluvial systems and published relationships between drainage 
 basin size, bankfull discharge, and point­bar thickness (Fig. 2; Table 1). Scaling 
relationships such as these generally follow power laws, where absolute di­
mensions of dispersal­system segments scale to drainage area and sediment 
flux, and parameters like grain size and transport slope scale inversely.
In this paper, we rely on scaling relationships between maximum river­ 
channel length and the lengths of basin­floor fans from Somme et al. (2009; 
see also Helland­Hansen et  al., 2016), which show that the length of many 
modern fans is ~10%–50% of the length of the fluvial­channel system that 
feeds them. The modern Mississippi River system is a good example of this 
relationship, because the basin­floor fan is ~540 km in length, or ~10% of the 
maximum channel length of the Mississippi­Missouri system of 5475 km. We 
also rely on scaling relationships between drainage area and point­bar thick­
ness, assumed to be a proxy for bankfull flow depth and one of the metrics that 
can be readily collected from subsurface data; these relationships are further 
discussed and refined in Milliken et al. (2015).
Gulf of Mexico Basin Fill
The GoM is a well­understood sedimentary basin: first­order paleogeogra­
phy, patterns of sediment input, key elements of the stratigraphic record, and 
the overall basin­fill architecture and environments of deposition are known 
from generations of industry activity and academic research (summarized in 
Galloway, 2008; Galloway et al., 2011; Fig. 3).
The oldest unit of interest here is the Late Cretaceous (Cenomanian) 
Tuscaloosa­Woodbine trend, which represents the first major episode of 
clastic shelf­margin progradation into the GoM (Galloway, 2008; Snedden 
et al., 2016). The sand­rich lower Tuscaloosa Group crops out from Alabama 
through Mississippi, whereas the sand­rich lower Woodbine Group crops 
out through southern Oklahoma and north­central Texas. For the Cenozoic, 
 major episodes of coarse­grained clastic influx and shelf­margin prograda­
tion include the Paleocene–Eocene Wilcox and the Oligocene Vicksburg­Frio 
depositional episodes, as well as the variously named episodes of the Neo­
gene (Galloway, 2008; Galloway et al., 2011). Each contains fluvial, deltaic, 
and shore­zone facies, as well as slope to basin­floor equivalents in the deep­
water GoM.
Cretaceous to Cenozoic sediment input to the GoM has been focused into a 
select few deep­seated structural embayments, even though hinterland drain­
age areas to the GoM have evolved in response to tectonics of the continental 
interior (Winker, 1982; Galloway, 2008; Galloway et  al., 2011). From west to 
east, these include the Rio Grande embayment, the Houston embayment, and 
the Mississippi embayment (Fig. 4). For this reason, while hinterland source 
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Figure 2. Summary of scaling relationships 
in sediment-dispersal systems, contrast-
ing dimensions of system segments in 
small-, medium-, and large-scale drainage 
basins (after Somme et al., 2009).
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terrains have evolved, sediment input through time has largely corresponded 
with the general positions of extant river systems, including the Rio Grande, 
the Colorado and Brazos Rivers of central and east Texas, and the Red and Mis­
sissippi Rivers of south­central Louisiana (Fig. 5). In addition, the Tennessee 
River system, which drains much of the Appalachians, now flows north from 
northwestern Alabama and northeastern Mississippi to join the Ohio River, 
but likely maintained an independent course south­southwest to the GoM for 
much of the Cretaceous through Eocene.
Winker (1982) initially summarized linkages between tectonic organization 
of hinterlands, sediment routing to the GoM, and known Cenozoic fluvial­ 
deltaic depocenters (Fig. 4). In this view, Paleocene–Eocene Wilcox deposi­
tion was concentrated in the Houston embayment and interpreted to reflect 
sediment input from Laramide uplifts in the western U.S., whereas Oligocene 
Vicksburg­Frio deposition was focused on the Rio Grande embayment and in­
terpreted to reflect volcanic­rich debris derived from the Sierra Madre of north­
ern Mexico and the southwestern U.S. The Mississippi embayment evolved 
into the primary fluvial axis during the Miocene and increased in importance 
during late Cenozoic glaciation, which diverted major tributaries like the Mis­
souri and Ohio Rivers to the south from their former courses toward Hudson 
Bay (see Galloway et al., 2011). Early work focused on fluvial axes for major 
depocenters but has evolved as more data became available and contribu­
tions from smaller systems have become more fully resolved; the Cenozoic 
paleodrainage reconstructions of Galloway et al. (2011) represent a benchmark 





Figure 3. Summary of the stratigraphic 
framework for the Gulf of Mexico sedi-
mentary basin (modified from Galloway, 
2008), showing stratigraphic position and 
significance of the Cenomanian Tusca-
loosa-Woodbine, early Paleocene–early 
Eocene Wilcox, and Oligocene Frio units 
within the basin fill as a whole.
















Small <10,000 75–100 <5 10–30 km <25 25–50 <1000
Moderate 100,000 750–1000 10–15 50–100 100–200 100–200+ 100,000
Large >1,000,000 2000–4000 >25 300–500+ 500–1000 500–1000+ 10,000,000
*From Somme et al. (2009), Blum et al. (2013), and Milliken et al. (2015).
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METHODS
U­Pb dating of DZs in sandstones provides a fingerprint of source terrains 
(see Gehrels, 2014), such that DZs in fluvial sandstones can be used to constrain 
contributing drainage areas and sediment routing in a manner that comple­
ments and adds to traditional provenance studies. Protolith sources for zircon 
in North America are well known (Becker et al., 2005; Dickinson and Gehrels, 
2009a; Park et al., 2010; Laskowski et al., 2013; Fig. 6) and reflect the major tec­
tonic events that compiled the North American continent (e.g., Whitmeyer and 
Karlstrom, 2007). Table 2 summarizes DZ populations important to our data set.
Provenance interpretations using DZs can be complicated by a number 
of factors, including (1) differential fertility of zircons within source terrains 
(Malusà et al., 2016); (2) recycling through burial, exhumation, erosion, and 
deposition, (Dickinson and Gehrels, 2008; Thomas, 2011); (3) rims and cores 
that might yield different ages (inheritance); and (4) complications due to Pb 
loss. In our data set, the Mesoproterozoic Grenville (ca. 1250–950 Ma) DZ signal 
is an archetypal example of high fertility (Moecher and Samson, 2006) and re­
cycling (Eriksson et al., 2004; Becker et al., 2005; Dickinson and Gehrels, 2008, 
2009a; Park et al., 2010; May et al., 2013; Laskowski et al., 2013; Painter et al., 
2014; Weislogel et al., 2015).
Our research reported here follows studies of Paleocene–Eocene Wilcox 
strata in southwestern Texas (Mackey et al., 2012), Paleocene through Oligo­
cene strata of the Sabine uplift region of eastern Texas and western Louisiana 
(Craddock and Kylander­Clark, 2013), mid­Cretaceous through Paleocene con­
tinental­scale drainage reorganization (Blum and Pecha, 2014), and Paleocene–
Eocene DZ signatures from east­central Texas (Wahl et al., 2016). We collected 
DZ samples from outcrops across the northern GoM coastal plain (Fig. 7), 
which represent fluvial sandstones of old alluvial­deltaic plains, analogous to 
the Pleistocene alluvial­deltaic plains that compose the modern GoM coastal 
plain (Blum and Price, 1998; Blum and Aslan, 2006); these updip remnants 
have been flexurally uplifted as the margin progrades, whereas downdip facies 
have subsided as the basin loads. Samples were collected systematically every 
50–100 km along the outcrop belts of the Cenomanian Tuscaloosa­Woodbine, 
the Paleocene–earliest Eocene Wilcox to the north and east of the Mackey et al. 
(2012) study area, and the Oligocene Vicksburg­Frio stratigraphic units. Most 
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Figure 4. First-generation paleodrainage 
reconstruction after Winker (1982), inter-
preting drainage basins that contributed 
sediment to the major Paleocene–Eocene, 
Oligocene, and Miocene depocenters, Gulf 
of Mexico. Modified from Mackey et al. 
(2012).
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regionally mappable marine shales and therefore represent basinward exten­
sion of fluvial systems after basin­wide marine flooding. We also collected 
samples from modern sand bars in major rivers that contribute sediment to 
the northern GoM; these samples establish the fidelity of this approach by 
allowing reconstruction of contributing drainage areas that are independently 
known. For this paper, we summarize results from upstream to downstream 
positions along the modern Mississippi River, with downstream samples serv­
ing as analogs for samples from ancient strata in the GoM sedimentary basin. 
A total of 87 samples from the GoM margin and contributing fluvial systems 
were collected, with all sample analyses available in the Supplemental File1; 
data for individual samples can be downloaded from the searchable commu­
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Figure 5. Contributing drainage area for 
the northern Gulf of Mexico (area within 
thick black line), with major extant  rivers 
discussed in text as labeled. Super-
imposed are the long-term persistent 
drainage fairways into the northern Gulf 
of Mexico, which are referred to in the 
text and named after extant river systems 
in the same area. Large bold letters indi-
cate areas that drain to the Hudson Bay, 





















1Supplemental File. Plots for modern river samples, 
as well as analytical data. Please visit http:// doi .org 
/10 .1130 /GES01410 .S1 or the full­text article on www 
.gsapubs .org to view the Supplemental File.
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Detrital­zircon samples were processed and analyzed using laser ablation–
inductively coupled plasma–mass spectrometery techniques at the Arizona 
LaserChron Center (see Gehrels, 2012). Analyses were based on a target pop­
ulation of n = 100 grains per sample (e.g., Vermeesch, 2004), with all samples 
producing between 90 and 110 concordant analyses; the entire GoM data set 
therefore includes >7800 concordant 238U­206Pb or 207Pb­206Pb ages. Our sam­
ples were collected and analyzed during 2011–2013, prior to the increasingly 
widespread use of larger numbers of grains per sample (Andersen, 2005; 
 Pullen et al., 2014; Saylor and Sundell, 2016), which reduces the probability 
of non­representation of small populations. For this reason, we note the pres­
ence of small populations, but they generally play no significant role in inter­
pretations.
Initial sample comparisons were conducted using the Kolmogorov­ 
Smirnov (K­S) test, which tests whether two samples are not from par­
ent populations with the same distribution (see Gehrels, 2012; Saylor and 
Sundell, 2016). We also use multi­dimensional scaling (MDS), as outlined 
by Vermeesch (2013) and Vermeesch et al. (2016), to further differentiate 
samples that are likely similar or dissimilar in terms of their source terrain; 
MDS plots for each stratigraphic unit are included in the Supplemental File 
(see footnote 1). We use normalized kernel­density estimates (KDEs) to vis­
ualize DZ populations. Because of the large number of samples, we lump 
KDE curves for samples from each stratigraphic unit that are interpreted 
to represent the same paleodrainage axes, based on (1) close geographic 
proximity, (2) similar K­S statistics and/or clustering in MDS space, and 
(3) similar maximum depositional ages (see below); we assume that this 
approach emphasizes major trends but may sacrifice local variability. K­S 
statistics were calculated using Microsoft Excel macros from the Arizona 
Laserchron Center’s collection of online analytical, which can be found 
through https:// sites .google .com /a /laserchron .org /laserchron/, whereas 
normalized KDE and MDS plots were developed using scripts described by 
Vermeesch (2012, 2016) and available from http:// www .ucl .ac .uk /~ucfbpve 
/provenance/.
Detrital­zircon data can provide geochronological control on deposition, 
due to the “law of detrital zircons” (Gehrels, 2014) where the youngest U­Pb 
age(s) in a sample population define a stratigraphic unit’s maximum depo­
sitional age (MDA). MDAs may approximate true depositional age if there is 
contemporaneous volcanism and significant ash deposition within the contrib­



























Figure 6. Protolith source terrains for de-
trital zircons in North America (modified 
from Dickinson and Gehrels, 2009a; Blum 
and Pecha, 2014; Fildani et  al., 2016). For 
more explanation, including age ranges 
for each source terrain, see Table 2.
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104–106 yr before the actual eruption (e.g., Simon et al., 2008). On the other 
hand, MDAs may depart significantly from true depositional age if there is no 
contemporaneous volcanism within the drainage basin, because there is an 
inherent lag time between zircon crystallization in intrusive rocks, exhumation 
and erosion of those rocks, and entrainment of sediments in fluvial systems. 
Thomas et al. (2004) showed that Pennsylvanian–early Permian clastics within 
the Appalachian foreland contain Mississippian–Devonian and older DZs, 
which suggests that non­volcanogenic Pennsylvanian–early Permian proto­
liths had not yet been exhumed. More broadly, Cawood et al. (2012) argued 
that sediments derived from convergent margins with arc volcanism contain 
MDAs that are close to depositional age, whereas sediments in other tectonic 
settings may not.
For our study, Cenomanian strata of the GoM contain no grains younger 
than ca. 275 Ma. However, we report MDAs for Paleocene–early Eocene and 
Oligocene strata and use MDAs to constrain paleodrainage reconstruction by 
comparison with the distribution of syndepositional felsic and intermediate­ 
composition volcanic rocks. MDAs are calculated from the weighted mean of 
the youngest suite of grains whose error terms overlap and are <10% of the 
calculated age (e.g., Dickinson and Gehrels, 2009b). We extract the distribu­
tion of radiometrically dated syndepositional volcanic rocks from the NAVDAT 
community database (http:// navdat .org).
RESULTS
Modern Mississippi River Detrital-Zircon Signal
A full discussion of DZ signatures for modern GoM rivers is beyond the 
scope of this paper; we include KDE plots for all GoM modern river samples, 
as well as analytical data, in the associated Supplemental File (see footnote 1). 
Given the significance of the Mississippi River system, however, we summa­
rize results from upstream to downstream along the modern river. These data 
illustrate downstream changes in DZ signatures due to major tributary inputs, 
as well as the composite signal of the Mississippi River as it enters the GoM 
sedimentary basin (Fig. 8).
The lower Mississippi River has a complex water and sediment delivery 
system because it derives a large portion of its water supply from the Ohio 
River, which drains the eastern U.S., whereas most sediment comes from the 
Missouri River, which drains the central and northern U.S. Rockies and Great 
Plains (Knox, 2007; Figs. 1 and 5). The upper Mississippi River upstream from 
the Missouri confluence is the least significant part of the system, when mea­
sured in terms of either water or sediment discharge.
The upper Mississippi River derives sediment from a low­relief north­ 
central U.S. landscape underlain by Archean shield (including the Wyoming 
TABLE 2. SOURCES FOR SPECIFIC DETRITAL-ZIRCON POPULATIONS PRESENT IN GULF OF MEXICO COASTAL 
PLAIN CENOMANIAN, PALEOCENE, OLIGOCENE, AND MODERN FLUVIAL DEPOSITS
Population name Age range Primary protolith source (see map in Fig. 6)
Common geographic and stratigraphic 
sources for reworked population
Laramide and post-Laramide 
volcanics
80–0 Ma U.S. Rocky Mountains, Great Basin, Mexican Sierra Madre 
Occidental
Possible reworking from ashfall blankets associated 
with volcanic centers
Mesozoic Western Cordillera 275–80 Ma Mesozoic magmatic arc, Baja California and Sonora of 
Mexico, Sierra Nevada of California, Idaho
Mesozoic foreland-basin strata of the U.S. Western 
Interior
Paleozoic Appalachian (Taconic,
Acadian, and Alleghanian orogens)
500–290 Ma Appalachian-Ouachita cordillera Paleozoic Appalachian-Ouachita foreland-basin strata, 
Paleozoic passive margin strata of the western U.S.
Neoproterozoic Peri-Gondwanan 
terranes, Iapetus Rift, Wichita
Mountains
800–500 Ma Gondwanan margin of the Appalachian-Ouachita cordillera, 
Wichita Mountains of Oklahoma
Appalachian-Ouachita foreland-basin strata, Paleozoic 
passive margin strata of the western U.S.
Mesoproterozoic Grenville 1250–950 Ma Appalachian cordillera, extending into central and western 
Texas and northwestern Mexico
Paleozoic sandstones of the U.S. Midcontinent, 
Appalachian-Ouachita foreland-basin strata, 
Paleozoic passive margin strata of the western U.S.
Mesoproterozoic Midcontinent 
granite-rhyolite province
1550–1300 Ma Northeast-southwest trend across the eastern U.S. 
Midcontinent, plus numerous intrusions into Yavapai-
Mazatzal basement in the Rocky Mountains
Paleozoic sandstones of the U.S. Midcontinent, 
Appalachian-Ouachita foreland-basin strata, 
Paleozoic passive margin strata of the western U.S.
Paleoproterozoic Yavapai-Mazatzal 
orogens
1800–1600 Ma Northeast-southwest trend across the central U.S. 
Midcontinent to the southwestern U.S., including the 
central and southern Laramide Rockies and the Mogollon 
Rim of central Arizona
Paleozoic passive margin strata of the western U.S.
Paleoproterozoic Penokean orogen 2000–1800 Ma South-central Canada (Manitoba and Saskatchewan) and 
Great Lakes region of the U.S. (especially Wisconsin)
Common in low concentrations throughout the area, 
and in all stratigraphic units
Archean Superior and Wyoming 
provinces, others
>2500 Ma Northern U.S. Midcontinent to present-day northern Rocky
Mountains province
Common in low concentrations throughout the area, 
and in all stratigraphic units
Note: Summarized from Becker et al. (2005), Whitmeyer and Karlstrom (2007), Dickinson and Gehrels (2009a), Park et al. (2010), and Laskowski et al. (2013). Not all 
populations illustrated in Figure 6 are present in Gulf of Mexico samples, and are not included above.
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and Superior provinces), Proterozoic basement (including the Penokean oro­
gen), Paleozoic sedimentary rocks, and Neogene glacial deposits. The DZ sig­
nal of the upper Mississippi River is dominated by Grenville (~35%) and shield 
(~25% each) ages; midcontinent, Western Cordillera, and Penokean–Trans Hud­
son ages represent ~8% each, and minor constituents include zircons of Appala­
chian and Yavapai­Mazatzal affinity. The shield signature is readily accounted 
for by Archean Superior province rocks exposed in the Mississippi River head­
waters, whereas the Grenville signature is likely recycled from midcontinent 
Lower Paleozoic quartz arenites (Konstantinou et al., 2014).
The middle Mississippi River is defined here as below the Missouri conflu­
ence but above the Ohio River; the Missouri is the longest single river in North 
America and the largest Mississippi tributary by contributing area (see Fig. 5). 
Sediment for the Missouri River is derived from the central and northern 
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Figure 7. Locations of detrital-zircon (DZ) 
samples for the Cenomanian, Paleocene–
early Eocene, and Oligocene fluvial sand-
stones of the northern Gulf of Mexico, 
superimposed on generalized maps of 
outcrop belts. DZ samples from the mod-
ern Mississippi River are shown as well. 
Paleocene–early Eocene samples, GoM-11 
and GoM-13 are not shown because they 
are located too close to GoM-10 and 
GoM-12 to appear independently on this 
map, whereas samples designated with 
an M are from Mackey et al. (2012). Simi-
larly, Oligocene samples GoM-3, GoM-4, 
and GoM-7 are not shown because they 
are located too close to GoM-5 and GoM-8 
to appear independently on this map.
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basement, Mesozoic foreland basin clastics, and Neogene glacial deposits. 
Here, the Grenville signal is muted by an influx of zircons that were ultimately 
derived from the Cordilleran magmatic arc and Yavapai­Mazatzal basement 
exposed in Laramide uplifts. The modern Missouri River does not drain Cor­
dilleran arc terrain, hence this signal is likely recycled from Cretaceous fore­
land­basin strata, which contain significant proportions of arc­derived grains 
(e.g., May et al., 2013; Painter et al., 2014).
The lower Mississippi River starts at the Ohio River confluence; the Ohio 
system, including the Tennessee and Cumberland Rivers, contributes sedi­
ment from the Appalachian cordillera and foreland basin to the east. The 
Arkan sas and Red Rivers join farther downstream and contribute sediment 
from the central and southern Rockies and Great Plains to the west, as well as 
the Ouachita Mountains in Arkansas and Oklahoma. The Ohio system adds the 
coupled Appalachian­Grenville DZ signature to the Mississippi sediment load, 
whereas the Arkansas and Red Rivers complement the western signal already 
introduced by the Missouri River, and add additional Appalachian­Grenville 
signals from erosion of Mississippian–Pennsylvanian strata in the Ouachita 
Mountains (e.g., Shaulis et al., 2012). Samples from the lower Mississippi River 
therefore represent the composite Mississippi system (see also Iizuka et al., 
2005; Wang et al., 2009).
From these data, the lower Mississippi River DZ population faithfully re­
cords source terrains within a continental­scale drainage basin. Downstream 
trends illustrate the significance of large tributary inputs, and all major zircon 
age populations within the southern half of North America are present where 
the Mississippi River enters the GoM depositional basin in southern Louisi­
ana. The dominance of the Missouri River as a sediment source is faithfully 
recorded by the dominant DZ signatures from the western U.S., including the 
midcontinent granite­rhyolite and Yavapai­Mazatzal signatures from Laramide 
uplifts of the Rockies, the Mesozoic Cordilleran arc, and Cenozoic volcanic ter­
rains. By contrast, the Ohio River tributary contributes the Appalachian­Gren­
ville signature, characteristic of the eastern U.S. since the late Paleozoic (e.g., 
Eriksson et al., 2004; Becker et al., 2005; Park et al., 2010; Weislogel et al., 2015). 
As shown by Fildani et al. (2016), the late Pleistocene Mississippi fan in the 
deep GoM has a DZ signature that faithfully represents the Mississippi drain­
age as a whole and illustrates a close coupling between source and sink.
Gulf of Mexico Detrital-Zircon Record
Cenomanian Tuscaloosa-Woodbine Trend
Cenomanian fluvial deposits of the GoM coastal plain represent the routing 
system for the first significant delivery of sediments to the deepwater GoM 
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Figure 8. Normalized kernel-density esti-
mate (KDE) plots of detrital-zircon (DZ) 
populations for the modern Mississippi 
River, illustrating upstream to down-
stream changes in DZ signals. The lower 
plot represents the lower Mississippi River 
below all major tributaries, and illustrates 
the composite nature of a DZ population 
derived from a continental-scale drain-
age basin (see also Iizuka et  al., 2005). 
DZ source terrains are shown in Figure 6; 
sample locations are shown in Figure 7. 
Data plotted using software in Vermeesch 
(2016). MO—Missouri; MS—Mississippi; 
LA—Louisiana.
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sequence of Snedden et al. (2016). Cenomanian deposition took place within 
a paleogeographic context that included the Paleozoic Appalachian­Ouachita 
cordillera in the eastern and southeastern U.S. (Thomas, 1991), a Mesozoic 
magmatic arc along the western North American continental margin, and the 
associated Sevier fold­and­thrust belt with a retroarc foreland basin in the U.S. 
western interior (DeCelles, 2004; Fig. 9). Moreover, the Western Interior Sea­
way connected the GoM to the Boreal Sea at times of maximum flooding and 
split North America into distinct eastern and western landmasses that have 
been referred to as Appalachia and Laramidia (e.g., Gates et al., 2010).
Cenomanian fluvial deposits in Alabama and Mississippi are referred to as 
the Tuscaloosa Group, and basal fluvial sandstones are referred to as the Coker 
Formation (Mancini, 1988), which rests unconformably on Paleozoic strata. In 
Arkansas, Oklahoma, and Texas, the same trend is referred to as the Wood­
bine Group: basal fluvial sandstones rest on older Cretaceous rocks and are 
referred to as the Dexter Formation. Mancini and Puckett (2002, 2005), Mancini 
et al. (2008), and Woolf (2012) discussed the subsurface Tuscaloosa in Missis­
sippi and Louisiana, whereas Oliver (1971), Ambrose et al. (2009), and Adams 
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Figure 9. Cenomanian tectonic and physio-
graphic features of significance to this 
paper. The Cenomanian position of the 
Sevier fold-and-thrust belt and foreland 
basin is based on DeCelles (2004); the lo-
cation of Appalachian cordillera and possi-
ble inferred links with the Ouachita Moun-
tains (dashed lines) are based on Thomas 
(1991), whereas the axis of presumed 
hot-spot driven uplift is based on Cox and 
Van Arsdale (2002). The Cenomanian Gulf 
of Mexico shelf margin is based on Gallo-
way (2008). AWU—Amarillo-Wichita uplift; 
DZ—detrital zircon.
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et al. (2015) placed the base of the Eagle Ford–Tuscaloosa supersequence at 
ca. 96 Ma. Twelve DZ samples were collected to characterize the Tuscaloosa­ 
Woodbine outcrop belt from Alabama to Texas (Fig. 7).
Tuscaloosa samples from Alabama (GOM­21 through GOM­24) were col­
lected from medium­ to fine­grained fluvial sandstones, whereas samples 
GOM­29, collected in northeastern Mississippi, and GOM­36, collected in north­
western Kentucky, were conglomeratic. Like pre­Cretaceous fluvial deposits 
derived from the Appalachians (e.g., Eriksson et al., 2003, 2004; Moecher and 
Samson, 2006; Becker et  al., 2005; Park et  al., 2010; Blum and Pecha, 2014; 
Weislogel et al., 2015), Tuscaloosa samples are dominated by Grenville ages, 
which compose 50%–80% of the total, whereas Appalachian and peri­Gond­
wanan ages compose ~30% of zircons in the southernmost sample GOM­21 and 
<12% in samples farther north in Alabama and northeastern Mississippi; sample 
GOM­36 has no Appalachian grains and one peri­Gondwanan grain only. We 
also observe minor populations (<5% each) ultimately derived from the mid­
continent granite­rhyolite province. K­S statistics and MDS plots indicate that 
samples GOM­22 through GOM­24 and GOM­29 are statistically indistinguish­
able and similar, respectively, but distinct from GOM­21 to the south, due to 
the higher percentage of Appalachian ages, and clearly distinct from GOM­36.
Woodbine outcrops occur through southwestern Arkansas, southeast­
ern Oklahoma, and north­central Texas (Fig. 7), to the south and west of the 
Ouachita Mountains and the Wichita Mountains; outcrops in Arkansas are 
cherty conglomerates with a muddy matrix and are sand poor, hence sampling 
for DZs was restricted to sand­rich outcrops from Oklahoma and Texas. Like 
the Tuscaloosa samples, Woodbine DZ samples are dominated by Grenville 
ages (~50%), with Appalachian ages composing up to 15% of the population, 
but the peri­Gondwanan component is more prominent, composing up to 
10%. Additional age clusters are consistent with ultimate derivation from the 
midcontinent (1500–1300  Ma), Yavapai­Mazatzal (1800–1600  Ma), Penokean 
(2000–1800 Ma), and Superior or Wyoming craton (>2500 Ma) sources. K­S 
statistics and MDS plots indicate that Woodbine samples in Oklahoma and 
Texas are mostly statistically indistinguishable and similar, respectively, and 
related to Tuscaloosa samples in Alabama. However, the increased represen­
tation of peri­Gondwanan ages, and ages that represent the broader midconti­
nent region, is likely derived from Mississippian and Pennsylvanian strata of 
the Ouachita fold­and­thrust belt (Shaulis et  al., 2012). Woodbine strata are 
interpreted to reflect recycling of those deposits.
Figure 9 summarizes the paleogeographic setting for Tuscaloosa­Woodbine 
deposition, whereas Figures 10 and 11 summarize Tuscaloosa­Woodbine DZ 
signatures across the northern GoM. The first­order observation is the complete 
lack of grains younger than ca. 292 Ma. Hence, there was no connection between 
Cenomanian drainage in the GoM and the western U.S., where Meso zoic­age 
zircons from the Western Cordillera are common in Cretaceous sandstones as 
a whole (e.g., Laskowski et al., 2013), including the Albian–Cenomanian Dakota 
Group exposed in the central Laramide Rockies in Colorado (Blum et al., 2016). 
Similarly, Tuscaloosa­Woodbine fluvial systems did not extend headward into 
the continental interior, north and west of the Appalachian­Ouachita cordillera, 
because paleoflow indicators and DZ data from Albian– Cenomanian Dakota 
sandstones of the midcontinent indicate paleoflow to the west (Witzke and Lud­
vigson, 1996; Brenner et al., 2000; Joeckel et al., 2005; Finzel, 2014; Blum et al., 
2016). In short, fluvial deposits exposed in the Rockies and the midcontinent 



















































































Tuscaloosa Northwest (Sample GOM-22, 23, 24, 29, n=375) 
Tuscaloosa South (Sample GOM-21, n=97) 
Woodbine (Samples GOM-49, 50, 52, 53, 54, 55, n=566) 
Figure 10. Normalized kernel-density 
estimate (KDE) plots of detrital-zircon 
populations for the Cenomanian Tusca-
loosa-Woodbine trend. Sample locations 
shown in Figures 7 and 9. Note that the 
Tuscaloosa south plot represents a sin-
gle sample, which was distinct from the 
others. Tuscaloosa northwest and Wood-
bine plots represent multiple individual 
samples lumped together on the basis 
of Kolmogorov-Smirnov statistics, multi-
dimen sional scaling plots, and geographic 
proximity. n = number of U-Pb ages.
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margins of the Western Interior Seaway, respectively. With the exception of 
sample GOM­36, our samples show that Cenomanian Tuscaloosa­Woodbine 
fluvial systems flowed to the northern GoM margin, with source terrains re­
stricted to the central and southern Appalachian­Ouachita cordillera.
Paleocene–Early Eocene Wilcox Trend
The Wilcox Group is known from outcrop and subsurface studies in Texas, 
Louisiana, Mississippi, and Alabama where fluvial, deltaic, and shallow­ 
marine facies are significant oil and gas reservoirs (e.g., Fisher and McGowen, 
1969; Galloway, 1968; Edwards, 1981). Biostratigraphic data indicate that the 
onshore Wilcox Group of Texas is Paleocene to early Eocene in age, deposited 
ca. 61–49.5 Ma (Crabaugh, 2001; Brown and Loucks, 2009). Starting in 2001, 
Wilcox basin­floor fans were recognized in the deepwater GoM, ~400 km from 
coeval deltaic strata in south Texas (Meyer et al., 2007; Zarra, 2007); Wilcox 
deepwater deposits are >1000 m thick, with sand­to­shale ratios of 40%–70% 
and a paucity of thick interbedded shales.
Wilcox deposition occurred within a broader context defined by the Paleo­
zoic Appalachian­Ouachita cordillera in the eastern and southeastern U.S., 
a Mesozoic Western Cordillera where the Sevier fold­and­thrust belt was no 
longer active but arc magmatism had produced extensive sources for Meso­
zoic zircon populations, and where Laramide deformation (ca. 80–50 Ma) had 
segmented the Sevier foreland­basin system into discrete uplifts and basins 
(DeCelles, 2004; Heller and Liu, 2016). Magmatic activity associated with Lara­
mide deformation produced areally extensive sources for zircon populations 
of that age as well, including felsic volcanic activity of Paleocene and earli­
est Eocene age (Fig. 12). Moreover, Wilcox deposition occurred under global 
“greenhouse” conditions, with minimal ice volumes and glacio­eustasy, and 
globally high sea level (e.g., Zachos et al., 2001).
There has been a multidecadal discussion of Wilcox source terrain, with 
some authors preferring Appalachian sources and others interpreting source 
terrains in the Laramide Rockies (see Mackey et al., 2012). Winker’s (1982) early 
reconstruction of Wilcox drainage in Texas emphasized source terrains in the 
central and southern Laramide Rockies (Fig. 4), whereas Potochnik (2001) sug­
gested that the western GoM would have received sediment from the Cor­
dilleran fold­and­thrust belt and the Mogollon highlands of Utah and Arizona. 
Galloway et al. (2011) interpreted Appalachian and western­fed axes of sedi­
ment input, much like for the modern GoM, and noted that the Paleocene com­
ponent of the Wilcox represents the highest rates of sediment influx to the 
GoM prior to the Plio­Pleistocene Mississippi system.
The Mackey et al. (2012) study focused on Wilcox strata of southern Texas, 
whereas Craddock and Kylander­Clark (2013) reported DZ results from the 
Sabine uplift of eastern Texas and western Louisiana, and a recent study by 
Wahl et al. (2016) presents Paleocene through Eocene DZ data from locations 
that overlap with those presented here. Our research collected samples from 
the outcrop belt across Texas to Arkansas, southern Missouri, Mississippi, 
and westernmost Alabama (Fig. 7), to the east and north of the Mackey et al. 
(2012) sampling area. To the west and north, fluvial sandstones that rest on 
Paleocene Midway Group mudstone are referred to as different members of 
the Wilcox (see Wahl et al. [2016] for a recent summary), whereas in Alabama 
and Mississippi, fluvial sandstones in the same stratigraphic position rest on 
the Midway­ equivalent Porters Creek Formation mudstone and are referred 
to as the Naheola Formation. Twenty­six samples were collected, with a total 
of >2550 238U­206Pb or 207Pb­206Pb ages. K­S statistics, MDS plots, geographic 
proximity, and MDAs permit discrimination of fluvial axes, around which the 
discussion below is organized. These data were initially discussed by Blum 
and Pecha (2014) in the context of Late Cretaceous through Paleocene conti­
nental­scale drainage reorganization, with the actual data released to http:// 
geochron .org, but they are further elaborated on here.
Figures 13 and 14 summarize the Paleocene DZ record as a whole, whereas 
Figure 15 presents MDAs for different Wilcox axes. To begin, Wilcox samples 
from west­central Alabama to north­central Mississippi (samples GOM­10 
through GOM­14, GOM­17, GOM­19, GOM­25, and GOM­26) are statisti­
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Figure 11. Trends in Cenomanian detrital-zircon populations across the northern Gulf of Mexico 
margin, illustrating spatial changes in percent contributions of different populations. Note that 
sample numbers are illustrated on the upper x-axis, but the diagram is scaled to distance along 
the outcrop belt on the lower x-axis. No distances are given for sample GOM-36, which is to 
the north of the Appalachian-Ouachita cordillera, because there are no outcrops between this 
sample and the others. Zero starts at the easternmost sample for the Woodbine samples on the 
left, and at the westernmost sample for Tuscaloosa samples on the right, where distances are 
shown as negative numbers. Appalachian includes peri-Gondwanan component with ages be-
tween 800–500 Ma. Y-M—Yavapai-Mazatzal.
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Figure 12. Paleocene tectonic and physiographic features of significance to this paper. Abbreviations: SFTB—Sevier fold-and-thrust belt; LFTB—Laramide fold-and-thrust belt; CFTB—Chihuahua-Coahuila 
fold-and-thrust belt; AVF—Absaroka volcanics; CMB—Colorado Mineral Belt; BH—Black Hills; B—Bighorn Mountains; WR—Wind River Mountains; U—Uinta Mountains; FR—Colorado Front Range; SC— 
Sangre de Cristo Mountains; RG—Rio Grande uplift; AWU—Amarillo-Wichita uplift; OM—Ouachita Mountains; DZ—detrital zircon. Based largely on Galloway et al. (2011). Also shown is the modeled axis of 
dynamic subsidence from Liu (2015). The distribution of igneous rocks of different age is based the NAVDAT database (http:// navdat .org) and includes felsic and intermediate plutonic and volcanic rocks that 
have been radiometrically dated for discrete intervals through the Paleocene–earliest Eocene. These data represent the possible protolith sources for Mesozoic- and Cenozoic-age zircons in samples from the 
Paleocene–early Eocene Wilcox unit. For maps of volcanic zircons that represent sources for grains that produce maximum depositional ages, see Figure 15.
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 unambiguous Appalachian cordillera signal, where Appalachian­Grenville 
ages compose up to 80% of the total population. Additional minor populations 
reflect derivation from peri­Gondwanan terranes associated with Appalachian 
assembly and from the midcontinent granite­rhyolite province. As was the 
case for Cenomanian Tuscaloosa samples in this area, Wilcox samples from 
west­central Alabama to north­central Mississippi are interpreted to represent 
the paleo­Tennessee drainage.
Beginning in the northern Mississippi embayment of north­central Mis­
sissippi (samples GOM­27 and GOM­31), southern Missouri (GOM­43), and 
central Arkansas (GOM­44), clear differences in Wilcox DZ signatures begin 
to emerge from east to west across the outcrop belt. Here, up to 12% of the 
population produced ages <275 Ma, derived from the Mesozoic Cor di lleran 
arc and the latest Cretaceous through Paleocene volcanic terrains of the 
western U.S., and there are increased Yavapai­Mazatzal contributions. Even 
with this western signature, however, Grenville ages compose 40%–60% of 
the total, and the broader signal of the Appalachian cordillera (Appalachian, 
peri­Gondwanan, and Grenville ages) comprises 50%–75% of the total. The 
small number of grains from the Cordilleran arc can perhaps be explained by 
reworking of Jurassic and Cretaceous strata of the Sevier foreland basin (see 
May et al., 2013; Painter et al., 2014), but ~1% of all grains produced Paleo­
cene ages, which indicate that the drainage must have extended westward 
far enough to include ashfall from eruptive centers in the Laramide Rockies. 
These samples are therefore interpreted to represent an ancestral Mississippi 
course with headwaters in the central U.S. and perhaps the central and north­
ern Rockies. By contrast, sample GOM­40, from southern Missouri near the 




















































































Mackey et al. (2012) south Texas (Samples M2, M3, n=160) 
paleo-Colorado (Samples GOM-65, 64, n=195) 
paleo-Colorado-Brazos (Samples GOM-71, 70, 69, 67, n=384) 
paleo-Red (Samples GOM-74, 72, n=195) 
paleo-Arkansas (Samples GOM-46, 47, 76, n=280) 
paleo-Tennessee (Samples GOM-19, 17, 10, 11, 12, 13, 14, 25, 26, n=864) 
paleo-Mississippi (Samples GOM-27, 31, 43, 44, n=368) 
paleo-Cumberland (Sample GOM-40, n=93) 
Ouachita Mts. tributary (Sample GOM-75, n=92) 
Figure 13. Normalized kernel-density esti-
mate (KDE) plots of detrital-zircon popu-
lations for the Paleocene Wilcox trend. 
Sample locations are shown in Figures 7 
and 12. Most plots represent multiple in-
dividual samples lumped together on the 
basis of Kolmogorov-Smirnov statistics, 
multi-dimensional scaling plots, geo-
graphic proximity, and maximum deposi-
tional ages (see Fig. 15). Samples labeled 
as paleo-Cumberland and Ouachita Moun-
tains tributary represent single samples 
that were distinct from others in the vicin-
ity. n = number of U-Pb pages.
Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/13/6/2169/3991301/2169.pdf
by University of Kansas user
on 26 October 2018
Research Paper
2184Blum et al. | Gulf of Mexico drainage integration and sediment routing from detrital zirconsGEOSPHERE | Volume 13 | Number 6
sippi embayment suite but displays a typical Appalachian­Grenville population 
with no western­source zircons. GOM­40 is interpreted to represent an eastern 
tributary, perhaps an ancestral Cumberland or Ohio River, which drained what 
is now part of the Ohio system.
Samples GOM­46, GOM­47, and GOM­76 were collected from south­central 
to west­central Arkansas, south of the present Arkansas River and southeast 
of the Ouachita Mountains (see Fig. 7). Here, the Wilcox outcrop belt appears 
to be a terrace that abuts an ancient bluff line cut into the Ouachitas, which 
defines the western margin of the Mississippi embayment. Some 25%–35% 
of the DZ population is derived from the Mesozoic arc and latest Cretaceous 
through Paleocene volcanics of the western U.S., including up to 10% zircons 
with Paleocene ages that were likely derived from the Colorado Mineral Belt in 
the central Laramide Rocky Mountains (e.g., Chapin, 2012). Each sample also 
contains a prominent suite from the Archean shield (>2500 Ma) and reduced 
proportions of grains from Appalachian­Grenville sources (<35%). We inter­
pret these samples to represent an ancestral Arkansas River with headwaters 
that included the central Laramide Rockies, similar to the modern Arkansas 
and South Platte Rivers, and that entered the Mississippi embayment near 
the present­day Arkansas River course. This sample set is similar to results 
presented by Craddock and Kylander­Clark (2013) for samples farther south 
in Louisiana, and is bounded on the west by sample GOM­75, which is again 
dominated by the Appalachian­Grenville suite, with very small contributions 
from western sources; GOM­75 is interpreted to represent tributary contribu­
tions derived from the Ouachitas and older Mesozoic strata, and a drainage 
divide between fluvial systems represented by GOM­46, GOM­47, and GOM­76, 
discussed above, and by samples described below.
Samples GOM­74, GOM­72 through GOM­69, GOM­67, GOM­65, and 
GOM­64, collected from the outcrop belt in northeast to central Texas, display 
increased contributions from the Mesozoic arc and latest Cretaceous through 
Paleocene volcanics in the western U.S. (up to 45%), decreased Appala­
chian­Grenville signatures (<20%), and significant increases in midcontinent 
and Yavapai­Mazatzal ages (up to 50% of total). Moreover, these samples con­
tain significant numbers of zircons with Paleocene ages, in some cases >15% of 
the total population, which again suggests derivation from the Colorado Min­
eral Belt of the south and central Rockies and/or, in this case, the Laramide mag­
matic arc in south­central Arizona and northwestern Mexico (e.g., Mc Dowell 
et al., 2001; Ferrari et al., 2007; Ramos­Velázquez et al., 2008). The geographic 
source for Yavapai­Mazatzal ages is most likely the basement­cored Laramide 
uplifts of the central and southern Rockies, and the Mogollon Rim of south­ 
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Figure 14. Trends in Paleocene detrital- 
zircon populations across the northern 
Gulf of Mexico margin, illustrating spatial 
changes in percent contributions of differ-
ent populations. Note that sample num-
bers are illustrated on the upper x-axis, 
but the diagram is scaled to distance 
along the outcrop belt on the lower x-axis, 
with zero starting at sample GOM-40 and 
measured southeast (negative numbers) 
and southwest from there.
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fluvial systems that entered the GoM in positions similar to those of the modern 
Brazos and Colorado Rivers, and to represent the axial river systems for what 
has been referred to as the Rockdale delta system: headwaters extended from 
the Laramide Rockies of Colorado and New Mexico to the  Mogollon Rim and 
volcanic terrain of central and south­central Arizona, and may have included the 
Sierra Nevada arc of southern California as well (see below).
Mesozoic arc-related ages. Jurassic and Cretaceous DZ populations in 
samples from the Wilcox outcrop belt in Arkansas and Texas deserve special 
consideration. Most notably, all samples from the Wilcox outcrop belt in west­ 
central Arkansas to south­central Texas display concentrations of ages typical 
of the Late Jurassic to Early Cretaceous (ca. 170–140  Ma) and mid­ to Late 
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Figure 15. (A) Locations of radiometri-
cally dated volcanic rocks of early–middle 
Paleocene age (red dots) and late Paleo-
cene–earliest Eocene age (blue dots) from 
the NAVDAT community database (http:// 
navdat .org), and locations of the Wilcox 
outcrop belt samples discussed herein 
(yellow). (B) Map view of sample clusters 
with statistically equivalent maximum 
depositional ages (MDAs). Blue polygons 
represent early–middle Paleocene, red 
polygons represent late Paleocene–earliest 
Eocene axes, whereas samples outside of 
these polygons had no MDAs. (C) MDAs 
for primary early–middle Paleocene and 
latest Paleocene–earliest Eocene fluvial 
axes, with sample numbers, as shown. 
Blue lettering represents calculated MDAs 
(in  Ma), blue line represents MDAs, and 
blue box defines the weighted error. Red 
lettering and solid red box represent the 
youngest grain. Locations of sample clus-
ters are shown in B.
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(e.g., Ducea, 2001; Ducea and Barton, 2007; DeCelles et al., 2009; Laskowski 
et al., 2013; see Fig. 12). However, these samples lack U­Pb ages from the Early 
Cretaceous magmatic lull (ca. 140–115 Ma; Armstrong and Ward, 1993) in the 
U.S. part of the Cordilleran arc.
The simplest interpretation for the Mesozoic arc signature in Wilcox sedi­
ments of Arkansas and especially Texas would be that GoM Paleocene rivers 
drained the southern Californian and Mexican portions of the Cordilleran mag­
matic arc or, at the very least, ashfall blankets derived from the arc. However, 
this part of the Paleocene landscape has been claimed by a number of authors 
as a source terrain for river systems that flowed northeast to Utah (e.g., the 
California River of Davis et al. [2010]; see discussion below) or flowed west 
to the backarc basin in California (e.g., Sharman et al., 2015). An alternative 
end­member interpretation would be that the Wilcox arc signature is simply 
reworked from Cretaceous foreland­basin sediments, which contain an abun­
dance of this population. However, this explanation is unsatisfactory because 
Late Cretaceous strata of the southwestern U.S. contain large populations of 
reworked Appalachian­Grenville grains, in addition to the arc signature (e.g., 
Dickinson and Gehrels, 2008; Szwarc et al., 2015; Laskowski et al., 2013), some­
thing that is not significant in Wilcox strata of Texas. For this reason, we favor 
a direct connection between Wilcox rivers and the magmatic arc in southeast­
ern California, southwestern Arizona, and northwestern Mexico, or, at the very 
least, with the proximal fallout area for arc­derived volcanic ash.
Comparison of Gulf of Mexico Paleocene Wilcox data with previously pub-
lished data. The Mackey et al. (2012) samples from southwestern Texas were 
collected from Paleocene lower Wilcox and early Eocene upper Wilcox strata, 
and from outcrops and core (see Fig. 7). They interpreted DZ populations to be 
derived from basement uplifts of the southern Rocky Mountains and northern 
Mexico, the Cordilleran magmatic arc, and inland magmatic centers of north­
ern Mexico. Their samples from the lower Wilcox outcrop belt of southwestern 
Texas are stratigraphically equivalent to samples reported here, but their DZ 
populations are statistically distinct. Most significantly, >5% of U­Pb ages in 
the three lower Wilcox outcrop samples of Mackey et al. (2012) lie between ca. 
140 and 115 Ma, which corresponds to the Early Cretaceous magmatic lull in 
the western U.S. (Armstrong and Ward, 1993). By contrast, this population oc­
curs within the Sevier La Popa foreland­basin fill of northern Mexico and may 
be derived from the Peninsular Ranges batholith and Alisitos arc in northwest 
Mexico (see Lawton et al., 2009); for this reason, Blum and Pecha (2014) inter­
preted the presence of this Early Cretaceous population to indicate that the 
southern Texas part of the Wilcox outcrop belt reflects a source terrain that was 
restricted to northwestern Mexico, an interpretation continued here.
Craddock and Kylander­Clark (2013) reported on two Paleocene–Eocene 
Wilcox samples from western Louisiana, south of the outcrop belt sampled 
for our study, and interpreted the results to represent the ancestral Mississippi 
system. Their samples are statistically distinct from all of our samples within 
the northern Mississippi embayment (GOM­27, GOM­31, GOM­40, GOM­43, 
and GOM­44) north of the Arkansas River, but closely resemble GOM­46, 
GOM­47, and GOM­76 from west­central Arkansas. We interpret the Craddock 
and Kylander­Clark (2013) samples to represent fluvial systems that joined an 
ancestral Mississippi River within the southern Mississippi embayment and 
delivered sediment to the downdip ancestral Mississippi “Holly Springs” 
depo center (e.g., Galloway, 1968; Fisher and McGowen, 1969; Tye et al., 1991; 
Galloway et al., 2011) but also to reflect tributary rivers that drained the cen­
tral Rockies, similar to the modern Platte and/or Arkansas Rivers (see paleo­
drainage discussion below).
Wahl et al. (2016) presented DZ data from Paleocene Midway, Paleocene 
to early Eocene Wilcox, and middle Eocene Queen City Formation strata (see 
Fig. 3) of east­central Texas, in areas along the outcrop belt proximal to our 
samples GOM­65, GOM­67, and GOM­69 through GOM­71. Similar to Blum and 
Pecha (2014), they restricted the Mackey et al. (2012) southern Texas Wilcox 
samples to source terrains in northwest Mexico through southern Arizona be­
cause of the presence of the Early Cretaceous ages common to the Alisitos arc; 
key elements of their interpretation of Wilcox samples from east­central Texas 
include drainage of the central and southern Laramide Rockies and derivation 
of Paleocene­aged grains in the Wilcox from newly unroofed Paleocene plu­
tons of the Colorado Mineral Belt. Wahl et al. (2016) therefore did not include 
a large drainage area that extends to the U.S. portion of the magmatic arc for 
Wilcox group strata of east­central Texas, in contrast to arguments presented 
by Blum and Pecha (2014) and elaborated on below. We also question whether 
it is possible to exhume the plutonic core of the Colorado Mineral Belt in such 
a short time period, and note below that there are volcanic sources that have 
been defined in those same areas.
Maximum depositional ages. Samples from east of the Mississippi em­
bayment contain no Mesozoic or younger zircons, whereas samples from 
the Mississippi embayment and farther west contain significant numbers of 
Paleo cene and earliest Eocene U­Pb ages. From the http:// navdat .org data­
base, the most likely source for grains of this age would be the volcanic cen­
ters and associated ashfall blankets of the Colorado Mineral Belt (e.g., Chapin, 
2012) and/or the Sonoran part of the Cordilleran arc in south­central Arizona 
and northwestern Mexico (McDowell et al., 2001; Jacobson et al., 2011; Fig. 
15A). Most importantly, MDAs cluster into a distinct early Paleocene group in 
central Texas (samples GOM­67 and GOM­69 through GOM­71), with means 
of ca. 62–61 Ma and youngest grains of ca. 60 Ma, and late Paleocene–earliest 
Eocene groups to the south and to the northeast, with means of 58–56 Ma 
and youngest grains of 54–53 Ma (Fig. 15C); this latter group includes one 
of the samples from Craddock and Kylander­Clark (2013). Individual samples 
from the northern Mississippi embayment do not have a minimum of three 
Paleocene­age grains, but the youngest grains from all samples are ca. 59 
and 60 Ma.
Maximum depositional ages are consistent with Wilcox Group ages inter­
preted by other means (see Crabaugh and Elsik, 2000; Elsik and Crabaugh, 
2001), and indicate transport from volcanic source terrains >1500–2000  km 
distant over million­ and sub­million­year time scales. Moreover, the two dis­
tinct populations suggest that the lowermost Wilcox varies significantly in age 
along depositional strike, with early Paleocene axes located in central Texas 
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and the northern Mississippi embayment. Late Paleocene to early Eocene 
axes were present in these two areas higher up in the section as well (see 
Wahl et al., 2016), and samples GOM­72 and GOM­74 in eastern Texas from 
the present study were collected from higher up in the Wilcox section, as basal 
outcrops in that area were not easily accessed, so MDAs for the lower Wilcox 
of that area are not known. However, samples from the west­central Arkansas 
part of the outcrop belt (GOM­46, GOM­47, and GOM­76) were collected close 
to the contact with underlying Midway Group mudstones and indicate that this 
part of the outcrop belt was not visited by Wilcox fluvial systems until the late 
Paleocene to early Eocene.
Oligocene Vicksburg-Frio Trend
Oligocene fluvial­deltaic strata of the northern GoM were deposited within 
a paleogeographic context (Fig. 16) where active Laramide deformation in the 
western U.S. had ceased but high­elevation mountain ranges and an orogenic 
plateau remained (Chase et al., 1998); Eocene and Oligocene volcanic activity 
in the western U.S. and northern Mexico was especially widespread (see Fig. 
16; Chapin et al., 2004; Chapin, 2012). Moreover, the Oligocene was the first 
global “icehouse” of the Cenozoic, with high­amplitude fluctuations in global 
ice volume and corresponding glacio­eustasy (Zachos et al., 2001); regionally, 
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Figure 16. Oligocene tectonic and physio-
graphic features of significance to this 
paper. Abbreviations are as in Figure 12. 
Based largely on Galloway et al. (2011). As 
in Figure 12, the distribution of igneous 
rocks of different age is based the NAVDAT 
database (http:// navdat .org) and includes 
felsic and intermediate plutonic and vol-
canic rocks that have been radiometrically 
dated for discrete intervals through the 
Oligocene. These data represent the pos-
sible protolith sources for Mesozoic- and 
Cenozoic-age zircons in samples from the 
Oligocene fluvial sandstones across the 
Gulf of Mexico. For maps of volcanic zir-
cons that represent sources for grains that 
produce maximum depositional ages, see 
Figure 19.
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the western U.S. was characterized by an overall dry climate, with widespread 
eolian activity (e.g., Cather et al., 2008; Fan et al., 2015).
Fluvial sandstones within the Oligocene Vicksburg­Frio outcrop belt across 
the GoM coastal plain are referred to as the Catahoula Formation (see Gal­
loway et al., 1982) through Texas and Louisiana, and the Waynesboro sand­
stone in Mississippi (Dockery and Thompson, 2016). Nineteen samples were 
collected from the Mississippi­Alabama border to south Texas (see Figs. 7 and 
16), which produced 1730 238U­206Pb or 207Pb­206Pb ages on zircon grains. Figures 
17 through 19 summarize the Oligocene DZ record. In general, samples can 
be divided into four distinct clusters from K­S statistics, MDS plots, and the 
percentage of grains with latest Eocene to Oligocene ages: (1) a cluster that 
includes samples collected across most of the outcrop belt in Mississippi; (2) a 
cluster that defines the central part of the Mississippi embayment of eastern 
Louisiana and westernmost Mississippi, which includes one of the samples de­
scribed by Craddock and Kylander­Clark (2013); (3) a small cluster that occurs 
in western Louisiana and also includes a sample from Craddock and Kylander­ 
Clark (2013); and (4) a large cluster that extends from westernmost Louisiana 
through south­central Texas.
Most samples from Mississippi, samples GOM­1 and GOM­3 through 
GOM­9, are statistically indistinct from each other and, for the most part, indis­
tinct from Cenomanian Tuscaloosa and Paleocene Naheola (Wilcox) samples 
from east of the Mississippi embayment; each displays the same strong Appa­
lachian­Ouachita and Grenville signals (up to 75% of all grains). However, all 
samples include small populations of western­source zircons (ages <275 Ma); 
sample GOM­9, collected in far eastern Mississippi, includes only one west­
ern­source grain, with an age of ca. 44 Ma, whereas samples farther west con­
tain 5%–15% western­source zircons, with ages as young as ca. 26 Ma. On 
the other hand, thicker point­bar sands characteristic of the Cenomanian and 
Paleo cene were not observed in the Oligocene outcrop belt, suggesting that 
the paleo–Tennessee River had been diverted to the north by this time. Sam­
ples GOM­1 and GOM­3 through GOM­9 are therefore interpreted to represent 
fluvial systems that were not directly draining the Appalachians, but were in­
stead draining the coastal plain and reworking older Paleocene–Eocene strata. 
The presence of Oligocene­age grains indicate that they must have been proxi­
mal to, and influenced by, an ancestral Mississippi River distributary within the 
Mississippi embayment.
The remaining DZ sample from Mississippi, GOM­2, is statistically distinct 
from samples farther east, but indistinct from GOM­34 as well as sample C5 
from Craddock and Kylander­Clark (2013), which are located close to each other 
to the west of the modern Mississippi River and within the Mississippi em­
bayment of south­central Louisiana. Relative to samples farther east, primary 
differences include reduced Appalachian­Grenville signals (<35%), increased 
significance of the midcontinent and Yavapai­Mazatzal province (combined 




















































































Oligocene paleo-Colorado-Guadalupe (Samples GOM-59, 58, n=191) 
Late Paleocene paleo-Red (Samples GOM-78, 79, 80, n=292)  
Oligocene paleo-Arkansas (Samples GOM 77, C2, n=195)  
Oligocene paleo-Tennessee (Samples GOM-1, 3, 5, 6, 8, 9, n=566) 
Oligocene paleo-Mississippi (Samples GOM-34 and 2, C5, n=293) 
Late Paleocene paleo-Brazos (Samples GOM 63, 62, 61; n=286)  
Figure 17. Normalized kernel-density esti-
mate (KDE) plots of detrital-zircon popu-
lations for the Oligocene trend. Sample 
locations are shown in Figures 7 and 16. 
Each plot represents multiple individual 
samples lumped together on the basis 
of Kolmogorov-Smirnov statistics, multi-
dimen sional scaling plots, and geographic 
proximity. KDEs for the paleo-Mississippi 
and paleo-Arkansas include data pub-
lished by Craddock and Kylander-Clark 
(2013).
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from the Mesozoic and Cenozoic Western Cordillera (15%–30% of total). How­
ever, each of these samples includes only 1%–2% grains of late Eocene to Oligo­
cene age, indicating some linkage to ashfalls, but likely indicating reworking 
of older Cordilleran or Laramide basin fills of the central Great Plains or Paleo­
cene to Eocene GoM coastal­plain strata; with such low concentrations, it is 
unlikely that the ancestral Mississippi drainage had headwaters in the Rockies 
or was linked in a significant way to fluvial systems that deposited the volcani­
clastic late Eocene to early Oligocene White River Group of Wyoming, western 
 Nebraska, and South Dakota (Larson and Evanoff, 1998; Rowley and Fan, 2016).
All samples from southwestern Louisiana through southern Texas contain 
35%–55% western­source zircons, including >10% contribution from Eocene 
to Oligocene volcanic terrains. Moreover, Appalachian­Grenville ages com­
pose <20% of all grains, but contributions from the midcontinent and Yavapai­ 
Mazatzal sources remain at ~30%–35%. K­S statistics and MDS plots show that 
most samples from southwestern Louisiana through southern Texas are statis­
tically distinct from samples within the Mississippi embayment and farther east, 
but related to each other, most likely due to the large populations of younger 
grains with relatively small error terms. However, we differentiate three distinct 
groups based primarily on geographic location and the percentage of grains 
of Oligocene age. First, samples GOM­77 through GOM­79 from southwestern 
Louisiana and easternmost Texas contain up to 35% grains ultimately derived 
from the Mesozoic Cordilleran arc and Late Cretaceous through Cenozoic vol­
canic terrains, but Oligocene­age grains compose <8% of the total. Second, sam­
ples GOM­80 and GOM­61 through GOM­63, from east­central Texas, contain up 
to ~25% Oligocene­age zircons. Third, samples GOM­58 and GOM­59, from cen­
tral Texas along and south of the present­day Colorado River, again have <8% 
Oligo cene­age grains. All samples from southwestern Louisiana through south­
ern Texas are interpreted to indicate contributing drainage areas that extended 
to active volcanic centers in southern Colorado through northern Mexico.
Maximum depositional ages. Samples from central Louisiana to southern 
Texas contained at least three latest Eocene to Oligocene ages with overlap­
ping error terms of <10%, and are therefore suitable for calculating MDAs. In 
contrast to the Wilcox, the larger number of grains and differences between 
samples in the Vicksburg­Frio trend make it useful to calculate MDAs for indi­
vidual samples; unlike for the Wilcox, where multiple samples with similar 
MDAs cluster in one part of the outcrop belt or another, Oligocene MDAs differ 
from sample to sample across the outcrop belt (Fig. 19).
The oldest populations occur in south­central Texas (GOM­58 and GOM­59) 
and central Louisiana (GOM­78, GOM­77 and GOM­34, as well as C2 and C5 
from Craddock and Kylander­Clark, 2013, which are located close to GOM­77 
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Figure 18. Trends in Oligocene detrital- 
zircon populations across the northern 
Gulf of Mexico margin, illustrating spatial 
changes in percent contributions of differ-
ent populations. Note that sample num-
bers are illustrated on the upper x-axis, but 
the diagram is scaled to distance along the 
outcrop belt on the lower x-axis, with zero 
starting at the easternmost sample.
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and GOM­34 respectively), with MDAs of ca. 33.9–36.8 Ma that straddle the 
Eocene­Oligocene boundary. Samples GOM­62 in east­central Texas, and 
GOM­80 and GOM­79 in east Texas to western Louisiana yield early Oligocene 
MDAs of ca. 32–33 Ma. Finally, a third set in east Texas (GOM­63 and GOM­61) 
yields MDAs of ca. 28.5 Ma, the early to late Oligocene boundary. The young­
est individual grains define the same sample sets, but can be up to 3 m.y. 
younger than calculated MDAs; inclusion of grains with error terms >10% does 
not change the overall group of three sample sets, but modestly changes cal­
culated MDAs. In aggregate, these results indicate that lowermost Oligocene 
fluvial deposits vary significantly in age across the outcrop belt.



































































































Figure 19. (A) Locations of radiometrically 
dated felsic and intermediate volcanic 
rocks of latest Eocene and Oligocene age 
from the NAVDAT community database 
(http:// navdat .org). Oligocene detrital- 
zircon sample locations are shown in 
purple dots. (B) Enlarged view of A, with 
sample numbers and polygons enclosing 
samples from specific paleoriver systems 
(A-R—Arkansas-Red; Guad—Guadalupe). 
Sample C2 from Craddock and Kylander- 
Clark (2013) is just to the west of sample 
77, whereas sample C5 is in the same lo-
cation as sample 34. (C) Maximum depo-
si tional ages (MDAs) for individual Oligo-
cene samples, with interpreted fluvial 
axes as shown. Blue lettering (in Ma) and 
blue lines represent MDAs, and blue box 
defines the weighted error. Red lettering 
and solid red box represent the youngest 
grain. Sample numbers are shown above 
the thick gray arrows, representing the 
Gulf of Mexico samples presented in this 
paper, except those prefixed by C are from 
Craddock and Kylander-Clark (2013).
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DISCUSSION
Paleodrainage Reconstruction and Sediment Routing
Detrital­zircon data, in conjunction with previous work, indicate that conti­
nental­ and regional­scale GoM drainage areas have reorganized significantly 
over the last ~100 m.y. Below we interpret paleodrainage for the Cenomanian, 
Paleocene, and Oligocene; Cenomanian reconstructions have not been at­
tempted in any detail in the past, but Paleocene and Oligocene DZ­based rec­
ords can be compared with reconstructions by Galloway et al. (2011). In each 
case, we incorporate insights from independent measures of drainage­basin 
scale from Milliken et al. (2015), based on point­bar thicknesses from well logs.
As noted above, Somme et al. (2009) demonstrated a scaling relationship 
between length of the longest fluvial channel and the length of basin­floor 
fans; this relationship is illustrated schematically, and with the GoM as an 
example, in Figure 20. Here, we substitute drainage­basin length for channel 
length, which is not easily measured in ancient systems; from Google Earth 
measurements of rivers in the Somme et al. (2009) data set and other rivers 
in North America and elsewhere, the ratio of channel length to drainage­basin 
length has a mean of 1.54 (R2 = 0.984) (Fig. 21A). Most fans in the Somme et al. 
(2009a) database still reside within a domain where fan lengths are 10%–50% 
of drainage­basin length (Fig. 21B). We use our DZ­based paleodrainage re­
constructions and estimates of paleodrainage length to estimate lengths of 
basin­floor fans in the deepwater GoM, and compare these estimates with em­
pirical measurements (Snedden et al., 2017).
Cenomanian Paleodrainage Reconstruction
Previous work shows that Aptian to early Albian drainage of North America, 
from the Appalachians to the Western Cordillera, flowed north to the Western 
Canada sedimentary basin and Boreal Sea (Blum and Pecha, 2014). The middle to 
late Albian and Cenomanian were, by contrast, times when the Western Interior 
Seaway was more extensive, and the Gulf of Mexico and Boreal Sea were at times 
connected. From previous work (e.g., Witzke and Ludvigson, 2996; Brenner et al., 
2000; Joeckel et al., 2005; Finzel, 2014; Blum et al., 2016), Albian–Cenomanian 
Dakota fluvial systems whose deposits crop out in the U.S. midcontinent drained 
the Appalachian­Ouachita cordillera, flowed generally west, and discharged to 
the eastern margin of the Western Interior Seaway, whereas Dakota fluvial sys­
tems whose deposits crop out in the Colorado Front Range drained the Western 
Cordillera, flowed generally east, and discharged to the western seaway margins.
Cenomanian Tuscaloosa­Woodbine fluvial deposits of the GoM coastal 
plain were deposited within this paleogeographic context. The Appala­
chian­Ouachita cordillera and associated plateaus served as the continental 
divide for eastern North America (Appalachia), a situation inherited from Early­ 
and pre­Cretaceous times (Blum and Pecha, 2014), and western North America 
(Laramidia) had no sediment input to the northern GoM per se. Moreover, as 
Cox and Van Arsdale (2002) argued, what is now the northern Mississippi em­
bayment may have been uplifted 1–2 km in association with superplume activ­
ity from the passing Bermuda hotspot, and did not exist as a topographic low 
until later in the Cretaceous. Woolf (2012) documented an extensive Tuscaloosa 
depocenter in the southern Mississippi embayment of southeast Louisiana.
Tuscaloosa fluvial deposits crop out in Alabama and Mississippi to the west 
(downstream) of the modern Tennessee River’s right­angle north­northwest 
turn across structural grain to join the Ohio River, and to the west of the mod­
ern Alabama River’s right­angle southerly turn to the GoM (see Fig. 5). The geo­
logical history of the Tennessee and Alabama systems have been discussed for 
more than a century, with arguments for and against stream capture to explain 
these right­angle turns. The older geological literature is split on this issue (see 
Johnson, 1905; Adams, 1928), whereas more recent biogeographical research 
has identified genetically related fish communities in headwaters of the pres­
ent­day Tennessee plus other Appalachian tributaries that now drain to the 
Atlantic and/or GoM, which implies that these drainages were connected as a 
single “Appalachian River” in the past. For example, Mayden (1988) concluded 
that the upper Alabama and upper Tennessee were connected during the Ter­
tiary, whereas Jones et al. (2006) estimated that certain fish populations of the 
upper Tennessee and headwaters of modern­day eastern GoM and Atlantic 
rivers diverged prior to ca. 10 Ma.
Figure 22 summarizes our proposed Cenomanian paleodrainage recon­
struction. We interpret DZ populations from most of the Tuscaloosa outcrop 
belt to record a paleo–Tennessee River that flowed axially through, and routed 
sediments from, the Appalachian fold­and­thrust belt in the southeastern U.S., 
then continued southwest to enter the GoM in the Mississippi embayment. 
By contrast, the southern part of the outcrop belt has a DZ signature consis­
tent with the modern Alabama or Apalachicola Rivers, which drain the south­
ern margins of the Appalachians; these data suggest that the paleo­Alabama 
continued southwest parallel to structural grain as well, and contributed to 
the Tuscaloosa depocenter of Woolf (2012). We interpret the paleo­Tennes­
see to have been the largest Cenomanian system discharging to the northern 
GoM, with a drainage area similar to that of the modern Tennessee plus Ala­
bama­Tombigbee Rivers, upstream from the Cenomanian outcrop belt; total 
drainage area is estimated to have been 300,000–400,000 km2, with an esti­
mated drainage­basin length of 1200–1600 km. Point­bar thicknesses (Milliken 
et al., 2015) and the scale of the Tuscaloosa depocenter (Woolf, 2012) require a 
regionally significant fluvial system, consistent with the DZ record.
Cenomanian DZ samples were not collected through the outcrop belt in 
Arkansas. Hence, paleodrainage for this part of the region is not clear; we note 
that Woolf (2012) mapped a Cenomanian fluvial axis in the southern Missis­
sippi embayment, which enters the western margins of the Tuscaloosa dep­
ocenter in south Louisiana. By contrast, it is clear that Woodbine fluvial de­
posits in Oklahoma and Texas farther to the west and south had headwaters 
in the Ouachita Mountains and represent a series of smaller river systems that 
flowed south to enter the GoM in the Houston embayment and East Texas 
basin (see Ambrose et al., 2009). Smaller Woodbine systems of the Houston 
embayment are interpreted to have had maximum lengths of 200–300 km.
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Figure 20. (A) Definition sketch for scaling 
relationships between drainage  basins and 
basin-floor fans. Drainage basin,  longest 
channel length, and drainage- basin length 
are as noted. Ldb—length of contributing 
drainage basin; Lf—length of  slope and 
basin-floor fan, which are undifferenti-
ated here and in Figs. 22–25 for simplic-
ity. Based on Somme et  al. (2009) and 
Blum et  al. (2013). (B) Satellite image of 
the Mississippi valley and Gulf of Mexico, 
illustrating the scale of the Plio- Pleisto-
cene shelf to basin- floor depocenter, and 
key bathy metric features of the Gulf of 
Mexico ( image from Google Earth). The 
red line shows the location of C. (C) Re-
gional depth- migrated seismic line across 
the Gulf of Mexico, illustrating the scale 
and thickness of basin-floor fan sediments 
(undecompacted) for key intervals of the 
Cenozoic (maximum thickness for each in-
terval indicated by a red bar). Image cour-
tesy of ION Geophysical, with generalized 
location illustrated by the red line in B. The 
Mississippi fan and Bryant fan (see  Damuth 
and Olson, 2015; Bentley et  al., 2015) are 
both part of the greater Mississippi fan 
system. K-Pg—Cretaceous-Paleogene.
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Paleocene Paleodrainage Reconstruction
As shown in Figure 12, Paleocene paleogeography in the western U.S. 
had evolved significantly from the Cenomanian. The Western Interior Seaway 
had withdrawn, although a smaller Cannonball Sea remained in the northern 
U.S. Great Plains and southern Canada (see Wroblewski, 2006). The Sevier 
hinterland remained as a topographically high orogenic plateau, referred to as 
the Nevadaplano (e.g., DeCelles, 2004; Ernst, 2010; Chamberlain et al., 2012), 
but Laramide deformation had partitioned the Sevier foreland into a series of 
smaller basement­cored ranges with associated subsiding basins (see Heller 
and Liu [2016] for a recent summary of Laramide timing); fluvial deposits accu­
mulated in these basins, but river systems were through­going until the early 
Eocene, after ca. 53–52 Ma, when closed lacustrine systems prevailed (e.g., 
Carroll et al., 2006). Moreover, flat­slab subduction (Saleeby, 2003; Liu et al., 
2010; Heller and Liu, 2016) was ongoing along the western margin of North 
America; numerical modeling by Liu et al. (2014) and Liu (2015) suggested that, 
by the Paleocene, as the slab continued to migrate east, there would have 
been a broad north­south–oriented moat of dynamic subsidence that extended 
from the Great Plains to Texas. Last, Cox and Van Arsdale (2002) argued that 
the Mississippi embayment was a topographic low by the early Paleocene, 
following Late Cretaceous uplift, erosion, and subsidence associated with the 
west­to­east passage of the Bermuda hotspot.
Galloway et  al. (2011) presented a comprehensive model for Cenozoic 
GoM drainage evolution. Our DZ­based reconstruction for the early Paleocene 
is shown in Figure 23, with the late Paleocene–earliest Eocene in Figure 24; 
these reconstructions are broadly consistent with Galloway et al. (2011), but 
suggest differences as well, which can be the topic of future research. To be­
gin, DZ data from Paleocene Wilcox strata indicate that Appalachian­Grenville 
populations dominate all samples in Alabama and Mississippi, as they did 
during the Cenomanian; only the westernmost samples in northern Missis­
sippi include a small population of grains with a Western Cordillera affinity. 
These data are interpreted to reflect persistence of an Appalachian­sourced 
paleo­Tennessee and paleo­Alabama system that flowed southwest from the 
outcrop belt across Mississippi, to enter the Mississippi embayment in central 
Louisiana. We cannot resolve whether this paleo­Tennessee system merged 
with the paleo­ Mississippi in the southern Mississippi embayment to become 
part of the Holly Springs depocenter (e.g., Galloway, 1968), or discharged sepa­
rately to the GoM. This interpretation differs from that of Galloway et al. (2011), 
who showed diversion of a Paleocene Tennessee River to the south toward the 
present­day Florida panhandle, but is consistent with point­bar measurements 
of Milliken et al. (2015), where a large paleo­Tennessee system was present 
in southwest Mississippi and southeast Louisiana through the early Eocene. 
In this model, the paleo­Tennessee had a drainage area similar to that of the 
Cenomanian, estimated at 300,000–400,000 km2, with an estimated drain­
age­basin length of 1200–1600 km.
Farther west, Wilcox fluvial deposits show clear affinity with the U.S. mid­
continent and western U.S., such that significant post­Cenomanian continental­ 
scale drainage reorganization had taken place by this time (Blum and  Pecha, 
2014). DZ data are interpreted to indicate that the U.S. continental interior, from 
the Appalachians to the western Great Plains, drained to the early Paleocene 
GoM through a paleo­Mississippi system that flowed through the northern 
Mississippi embayment, and contributed to the Holly Springs depocenter of 
south­central Louisiana (e.g., Galloway, 1968; Tye et al., 1991; Galloway et al., 
2011). The small number of Paleocene U­Pb ages in samples from the north­
ern Mississippi embayment indicate some connection with ashfall blankets 
that were most likely derived from the Colorado Mineral Belt. However, the 
remaining western DZ signal can be accounted for by reworking of Meso­
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A B Figure 21. (A) Relationship between mea-
sured channel lengths from Somme et al. 
(2009) and Syvitski and Milliman (2007), 
and drainage-basin lengths measured 
from Google Earth. In cases where there 
were different values given by the above 
references, we used the Syvitski and Milli-
man (2007) data. Dashed gray line rep-
resents a channel length / drainage-basin 
length ratio of 1.5, whereas the solid gray 
line represents the value of 1.54, generated 
by the regression equation shown in the 
inset box. (B) Cumulative probability of 
the scaling relationship between length 
of basin-floor fans and drainage-basin 
length. Shaded box defines fan length / 
drainage-basin length  = 10%–50%, which 
defines 20%–80% of the fans within the 
Somme et al. (2009) data set.
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Paleo cene paleo­Mississippi headwaters to have extended headward into the 
northern and central Rockies. As a result, the paleo­Mississippi drainage area 
that contributed sediment to the early Paleocene Holly Springs depocenter is 
estimated to have been ~1.2 × 106 km2, with a maximum length of ~2000 km.
Detrital­zircon data from south­central Arkansas through central Texas in­
clude larger populations of latest Cretaceous through Paleocene ages, which 
show that GoM river systems drained active volcanic terrain of the central 
and southern Rocky Mountains as well as the Sonoran arc of southern Ari­
zona and northern Mexico. Moreover, the midcontinent granite­rhyolite and 
Yavapai­Mazatzal signals become increasingly important to the west. The Wil­
cox “Rockdale” depocenter of Fisher and McGowen (1969), within the Houston 
embayment of central Texas, has long been interpreted to have been the pri­
mary Paleocene–early Eocene fluvial axis for the northern GoM (e.g., Winker, 
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Figure 22. Paleodrainage reconstruction 
for the Gulf of Mexico (GoM) Cenomanian 
Tuscaloosa-Woodbine trend, and inferred 
Albian-Cenomanian drainage to the north 
(after Blum et al., 2016). Tuscaloosa deltaic 
and shore-zone depocenter is from Woolf 
(2012). The map extent of the Western 
Interior Seaway is based on a variety of 
sources, including https:// deeptimemaps 
.com and Brenner et  al. (2000), but also 
DZ data reported in Blum et  al. (2016). 
Also shown are predicted length scales for 
basin-floor fans, using the scaling relation-
ship of Lf = 0.5 Ldb (Lf—length of slope and 
basin-floor fan; Ldb—length of contributing 
drainage basin). DZ—detrital zircon.
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and indicate that the Rockdale depocenter was fed by a paleo–Colorado­Brazos 
system with headwaters that extended west to the Sonoran arc and Mogollon 
Rim of southern Arizona, respectively, and northwest to the southern and cen­
tral Rockies. The bimodal Jurassic and Late Cretaceous arc signature from the 
Rockdale depocenter is similar to that of the broader Sierra Nevada region, 
including Paleocene fluvial deposits that drained the eastern arc flank (e.g., 
Lechler and Niemi, 2011). Moreover, Paleocene Wilcox systems predate inter­
preted eastward migration of drainage divides to the Mogollon Rim of central 
Arizona and the expansion of west­flowing drainage (see Ingersoll et al., 2013; 
Sharman et al., 2015). We interpret an early Paleocene Rockdale drainage area 
that drained the area with significant Sierra Nevada ashfall, but cannot rule out 
headwaters within the southern Sierra Nevada batholiths per se.
Unraveling contributions to the early Paleocene Rockdale system from the 
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Figure 23. Paleodrainage reconstruction 
for the northern Gulf of Mexico early 
Paleo cene Wilcox trend. Rockdale, Holly 
Springs, and Rosita depocenters are as 
shown, based on Fisher and McGowen 
(1969), Galloway (1968), Edwards (1981), 
and Galloway et  al. (2011). Dashed blue 
lines in the paleo–Colorado-Brazos and 
paleo-Mississippi systems represent the 
area over which the trunk streams would 
have migrated. Locations of radiometri-
cally dated Paleocene and earliest Eocene 
felsic and intermediate volcanic rocks are 
from Figure 15 and http:// navdat .org. Also 
shown are predicted length scales for 
basin- floor fans, using the scaling relation-
ship of Lf = 0.5 Ldb (Lf—length of slope and 
basin-floor fan; Ldb—length of contributing 
drainage basin). DZ—detrital zircon.
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preted a tributary network within the central and northern Rockies, similar to 
the present­day Platte system, to be part of the paleo­Mississippi system that 
entered the northern Mississippi embayment. Wahl et al. (2016), by contrast, 
inferred an ancestral Platte headwaters region in the Colorado Front Range 
that discharged to the Rockdale depocenter. We likewise suggest that the an­
cestral Platte was steered to the south and through a north­south–oriented 
moat of dynamic subsidence in the Great Plains modeled by Liu (2015); while 
flowing south, this ancestral Platte would have been joined by the ancestral 
Arkansas and Red River systems, then joined the paleo–Colorado­Brazos sys­
tem to deliver sediment to the Rockdale depocenter. This interpretation is con­
sistent with the small number of latest Cretaceous and Paleocene U­Pb ages 
within the northern Mississippi embayment, and with the absence of early 
Paleocene Wilcox strata in the Arkansas part of the Wilcox outcrop belt, south 
of the present­ day Arkansas River. These observations combine to suggest 




































Paleocene Wilcox DZ samples 
Mackey et al. (2012) samples 
Paleocene shelf margin 
Inferred river courses (schematic) 
Interpreted drainage area boundaries 
Interpreted deltaic / shorezone facies
Predicted slope and basin-floor fan 
59–54 Ma volcanics
65–60 Ma volcanics
Figure 24. Paleodrainage reconstruction for 
the late Paleocene to earliest Eocene Wilcox 
trend, after the headwater regions of the 
paleo-Arkansas and paleo-Platte were cap-
tured and routed through the present-day 
Arkansas course in the Ouachita Mountains 
of Arkansas to join the paleo- Mississippi 
system. Rockdale, Holly Springs, and 
 Rosita depocenters are as shown, based 
on Fisher and McGowen (1969), Galloway 
(1968), Edwards (1981), and Galloway et al. 
(2011). Dashed blue lines in the paleo–Colo-
rado-Brazos and paleo-Mississippi systems 
represent the area over which the trunk 
streams would have migrated. Locations of 
radiometrically dated Paleocene and earli-
est Eocene felsic and intermediate volcanic 
rocks are from Figure 15 and http:// navdat 
.org. Also shown are predicted length scales 
for basin-floor fans, using the scaling rela-
tionship of Lf = 0.5 Ldb (Lf—length of slope 
and basin-floor fan; Ldb—length of contrib-
uting drainage basin). DZ—detrital zircon.
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that early Paleocene Rocky Mountain–sourced rivers flowed to the west of the 
Ouachita Mountains, through this moat of dynamic subsidence, to join the 
Rockdale system. At a minimum, then, source terrains for the early Paleocene 
Rockdale depocenter included the southern to central Laramide Rockies.
At a maximum, drawing on reconstructions from Flores (2003), we sug­
gest that this ancestral Platte drainage extended westward to, and beyond, the 
 Sevier fold­and­thrust belt in Utah to an east­west drainage divide in present­ 
day Nevada (see Jacobson et al., 2011), and included arc terrain from south­
ern California to Idaho (Fig. 12). In this model, the ancestral Platte represents 
the downstream extension of Late Cretaceous to Paleogene fluvial systems 
of the Sevier foreland: the southernmost headwaters fed an axial Late Creta­
ceous fluvial system in southwest Utah (Szwarc et al., 2015), which became 
the Paleogene California River of Davis et al. (2010) and Dickinson et al. (2012), 
whereas the northernmost headwaters fed the Paleogene Idaho River of Chetel 
et al. (2011) and Dumitru et al. (2013). This ancestral Platte network extended 
eastward with withdrawal of the Western Interior Seaway, then flowed through 
Laramide alluvial basins to emerge onto the Great Plains. Carroll et al. (2006) 
argued that the volume of eroded foreland­basin strata during the Paleo cene 
exceeds the volume of preserved Paleocene­age Laramide basin fill by a factor 
of two. In our interpretation, the remainder of this eroded sediment would 
have been exported to the east through the ancestral Platte system, then south 
to the early Paleocene Rockdale depocenter and GoM. In this scenario, the 
Rockdale paleodrainage area is estimated to have been ~2.4 × 106 km2, with 
a maximum length of ~2500 km measured from modern physiography. How­
ever, headwaters reside within the area of the southwestern U.S. that was sub­
ject to significant Neogene Basin and Range extension (e.g., Wernicke, 1992; 
McQuarrie and Wernicke, 2005); subtracting extended terrain decreases in 
drainage area and length by ~10%.
Maximum depositional ages from samples in south­central Arkansas (see 
Fig. 15C), south of the present­day Arkansas River where it emerges from the 
Ouachita Mountains, indicate that drainage of the central to northern Rockies 
must have been diverted to the east by the late Paleocene; this diversion could 
have occurred via the ancestral Platte system and through the northern Mis­
sissippi embayment, or through the deep bedrock­confined course occupied 
by the Arkansas River today (Fig. 24). This ancestral Platte­Arkansas system 
would have joined the ancestral Mississippi and flowed south through the 
western Mississippi embayment to south Louisiana, and would have signifi­
cantly increased drainage area for the late Paleocene paleo­Mississippi Holly 
Springs depocenter, with corresponding decreases for the late Paleocene 
paleo– Colorado­Brazos Rockdale system. The late Paleocene Holly Springs 
depo center is therefore estimated to have a contributing drainage area of 
~2.1 × 106 km2, with a maximum length of ~2800 km. Such an interpretation 
is consistent with significant increases in point­bar thickness for upper Wilcox 
strata of the Holly Springs depocenter as well (Milliken et al., 2015). However, 
we note that as erosion of foreland­basin strata on Laramide uplifts proceeded, 
and resistant basement cores were increasingly exposed (e.g., Carroll et al., 
2006), total sediment flux from the Laramide Rockies likely decreased. As a re­
sult, increases in sediment load to the Holly Springs depocenter following cap­
ture of the ancestral Platte­Arkansas system may have been less significant.
From the above, much of the continental U.S. drained to the Rockdale and 
Holly Springs depocenters during the Paleocene and early Eocene. However, 
the Mackey et al. (2012) DZ data indicate that a river system of significant size 
entered the GoM in southern Texas. As noted above, DZ signatures from lower 
Wilcox outcrops sampled by Mackey et al. (2012) are statistically distinct from 
those of most Wilcox samples farther north and east because the Mackey et al 
(2012) samples lack significant populations of latest Cretaceous and Paleocene 
grains and have early Cretaceous ages that are uncommon for the U.S. part of 
the Mesozoic arc. We therefore restrict drainage area for lower Wilcox fluvial 
systems sampled by Mackey et al. (2012) to the Mexican Cordillera, and suggest 
that these samples are linked to fluvial systems whose headwaters contributed 
to Paleocene strata of the La Popa basin in northern Mexico (e.g., Lawton et al., 
2009) and flowed through the Rio Grande embayment to what has been de­
scribed as the Rosita depocenter (e.g., Edwards, 1981). We estimate the contrib­
uting area for this paleo–Rio Grande and the Rosita depocenter to have been 
~400,000–500,000 km2, with a maximum length of ~1500 km. Point­bar thick­
nesses measured from subsurface data by Milliken et al. (2015) are comparable 
to those of the Holly Springs depocenter and support a large system as well.
Oligocene Paleodrainage Reconstruction
Winker (1982) initially interpreted the Rio Grande embayment to be the pri­
mary focus for Oligocene sediment input to the GoM, with the Sierra Madre 
Occidental as the primary source terrain (see Fig. 4). Galloway et  al. (2011) 
confirmed that the Rio Grande embayment was important in terms of sedi­
ment flux, but the Houston and Mississippi embayments and their associated 
depocenters were important as well. Our Oligocene paleodrainage reconstruc­
tion from DZ data is summarized in Figure 25, and again generally supports 
Galloway et al. (2011), although subtle details are interpreted differently so as 
to be consistent with DZ data.
Oligocene strata to the east of the Mississippi embayment continue to 
show an overwhelmingly dominant Appalachian­Grenville signature. How­
ever, as noted above, channel­belt sand bodies that crop out are notably 
thinner than Cenomanian or Paleocene equivalents from the same area, and 
significant point­bar sand bodies were not observed downdip to the south­
west in the subsurface (Milliken et al., 2015). These observations suggest that 
by the Oligocene, the ancestral Tennessee River had been diverted northwest 
toward its present confluence with the Ohio and Mississippi Rivers, the ances­
tral Alabama had been diverted to the south and the GoM coast, and a direct 
connection between the Appalachian cordillera and the southern Mississippi 
embayment was no longer present. From DZ and point­bar data, diversions 
of the Tennessee and Alabama Rivers are inferred to have occurred during 
the Eocene, which is consistent with zoogeographical estimates (Mayden, 
1988; Jones et al., 2006). We therefore interpret the Oligocene DZ record for 
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the area east of the Mississippi embayment to represent a series of small flu­
vial systems with headwaters in Cenomanian through Eocene, mostly Appala­
chian­derived coastal­plain strata.
Farther west, Oligocene fluvial deposits contain abundant zircons with Eo­
cene and Oligocene U­Pb ages, which were ultimately derived from volcanic 
centers or ash blankets in the Rocky Mountains and/or western Great Plains. 
Samples from the Mississippi embayment in western Mississippi through 
central Louisiana (samples GOM­34, GOM­1, and GOM­2; and sample C5 of 
Craddock and Kylander­Clark, 2013) contain the lowest concentration of young 
grains, which suggests no direct connection to the central Rockies or the ash­
rich Oligocene fluvial deposits in Wyoming and western Nebraska (Swinehart 
et al., 1985; Larson and Evanoff, 1998; Fan et al., 2015); these volcaniclastics 
Oligocene DZ samples 
Oligocene shelf margin 
Legend 
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Figure 25. Paleodrainage reconstruction 
for the northern Gulf of Mexico (GoM) 
Oligocene trend. Major depocenters are as 
shown, based on Galloway et al. (1982 and 
2011). Also shown are predicted length 
scales for basin-floor fans, using scaling 
relationship of Lf  = 0.5 Ldb (Lf—length of 
slope and basin-floor fan; Ldb—length of 
contributing drainage basin). Locations 
of radiometrically dated latest Eocene 
to Oligocene felsic and intermediate vol-
canic rocks are from Figure 19 and http:// 
navdat .org. Schematic river courses to the 
north of the inferred GoM drainage area 
are from Fan et al. (2015), whereas distri-
bution of the Eocene to Oligocene volcani-
clastic apron is from Galloway et al. (2011). 
Reconstructed paleo–Rio Grande is from 
Winker (1982). DZ—detrital zircon.
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instead represent river systems that flowed to the east and north from head­
waters in the Sevier fold­and­thrust belt of western Wyoming (Fan et al., 2015). 
This interpretation restricts the northwestern extent of the paleo­Mississippi 
drainage to the central Great Plains through the upper Midwest, however the 
eastern limits are increased due to accretion of the paleo­Tennessee system.
Samples from western Louisiana show an increased percentage of zircons 
with late Eocene and Oligocene U­Pb ages, which is interpreted to reflect a 
direct connection to the central Rockies in Colorado and ash blankets of the 
western Great Plains via the paleo–Red and Arkansas Rivers (samples GOM­77 
through GOM­80). These samples are located within the western Mississippi 
embayment and likely represent drainages that joined the paleo–Mississippi 
River to the south of the outcrop belt and contributed to the southern Loui­
siana depocenter, much as they do today. We therefore estimate the greater 
paleo­ Mississippi drainage area to have been 1.4–1.5 × 106 km2, with a maxi­
mum length of 1200–1500 km. These estimates are consistent with estimates 
from point­bar measurements in the subsurface (Milliken et al., 2015).
The largest percentage of zircons with Eocene to Oligocene U­Pb ages 
(up to 30% of the total population) occurs within the Houston embayment in 
eastern Texas (samples GOM­61 through GOM­63) and represents drainages 
that fed the Houston delta system of Galloway et al. (1982); this population is 
interpreted to represent the paleo–Colorado­Brazos system, referred to as the 
Chita­Corrigan fluvial systems by Galloway et al. (1982), with headwaters prox­
imal to eruptive centers in the southern Rockies of southern Colorado and New 
Mexico (see Chapin et al., 2004). Drainage area for the paleo–Colorado­Brazos 
system was reduced from its maximum extent in the Paleocene due to tectonic 
disruption of drainage and development of widespread eolian sand seas in 
western New Mexico and eastern Arizona (Cather et al., 2008). Point­bar thick­
nesses measured by Milliken et al. (2015) are consistent with this view and 
suggest a river system that was significantly smaller than that which fed the 
Paleocene Rockdale depocenter. We estimate the drainage area to have been 
600,000–700,000 km2, with a length of ~1500 km.
In addition to the above, samples GOM­58 and GOM­59 from south­ central 
Texas, south of the Houston embayment, have a similar overall western sig­
nature within the DZ population but a smaller proportion of Eocene and Oligo­
cene grains than samples within the Houston embayment. We interpret these 
samples to represent a relatively small paleo–Guadalupe River system, re­
ferred to by Galloway et al. (1982) as the Choke Canyon–Flatonia system, with 
headwaters in western Texas and northern Mexico. We estimate the drainage 
area to have been 100,000–150,000 km2, with a maximum length of 500 km. 
Last, the Rio Grande embayment has been recognized as a major Oligocene 
depocenter for almost four decades, and is referred to as the Norias delta (Gal­
loway et al., 1982). DZ data are not available from this area, however point­bar 
thicknesses from Milliken et al. (2015) suggest a large system, consistent with 
the original view in Winker (1982; see Fig. 5) of a paleodrainage with head­
waters in the Mexican Cordillera; the drainage area inferred by Winker (1982) 
yields a drainage area of 600,000–700,000 km2 and a maximum drainage 
length of 1200–1500 km.
Predicting Basin-Floor Fan Scales in the Deep Gulf of Mexico
From the above, detrital zircons provide a view of contributing drainage 
areas for the pre­Cenozoic GoM sedimentary basin and subsequent changes 
through the Paleogene (see also Xu et al. [2016] for early Miocene paleodrain­
age reconstruction). Our reconstructions for the Paleocene and Oligocene are 
broadly consistent with the previous model of Galloway et al. (2011), which syn­
thesized data collected over many decades, although we present revisions that 
are consistent with the presence of specific DZ signatures or the lack thereof. 
The most significant differences pertain to: (1) the significant contributions of 
a paleo­Tennessee system during the Paleocene and diversion of the paleo­
Tennes see to the north by the Oligocene; (2) the details of Paleocene Western 
Cordilleran and Rocky Mountain paleodrainage, especially the headward ex­
tent and downstream path of the Paleocene paleo–Platte­Arkansas system; and 
(3) the northern and western extent of Paleocene and Oligocene paleo­Missis­
sippi headwaters routed through the northern Mississippi embayment.
As noted above, Somme et al. (2009) demonstrated a relationship between 
length of the longest fluvial channel and the length of basin­floor fans (see Fig. 
20), which we have adjusted to use interpreted drainage­basin length instead 
(Fig. 21). We use this relationship and our DZ­based paleodrainage reconstruc­
tions to estimate the first­order lengths of basin­floor fans in the deepwater 
GoM. We compare estimates of fan length from our DZ­based paleodrainage 
reconstructions with empirical measurements (Snedden et al., 2017), with the 
important caveat that measurements are minimum values because they are 
based on the limits of mappable sandy facies and do not include what could 
be a considerable downdip muddy fringe.
Our paleodrainage reconstructions in Figures 22–25 include schematic 
illustrations of fans that are ~50% as long as our reconstructed drainage, 
whereas Table 3 summarizes predictions for fan lengths compared with em­
pirical measurements. Most measured fans fall within the range of predictions 
derived from paleodrainage reconstructions, where fan lengths equal 10%–
50% of estimated drainage­basin length. These include predictions for the 
Cenomanian paleo­Tennessee, the early Paleocene paleo–Colorado­ Brazos, 
the early Paleocene and late Paleocene–early Eocene paleo­Mississippi, and 
the Oligocene paleo–Rio Grande systems. In particular, our inferred routing 
of much of the western U.S. drainage to the Rockdale depocenter during the 
early Paleocene, and capture of the paleo–Platte­Arkansas system by the 
paleo­ Mississippi by late Paleocene time, are consistent with the locations of 
major Wilcox basin­floor fans shown by Zarra (2007). These examples suggest 
that our approach produces a general first­order pattern for sediment routing 
and a first­order estimate for the scale of basin­floor fans, which are consistent 
with measured dimensions in a well­known, mature sedimentary basin. This 
approach can therefore be applied to reconstruct large sediment­routing sys­
tems and predict the scale of basin­floor fans in basins that are less data rich.
Interestingly, however, a notable misfit occurs for the Oligocene paleo­ 
Mississippi and paleo–Colorado­Brazos systems, where DZ­based paleodrain­
age areas and length scales are not substantially different from previous work 
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(e.g., Galloway et al., 2011), but measured fans are more than an order of mag­
nitude smaller than predicted. Mismatches such as these provide an oppor­
tunity to interrogate other factors that might be important. For example, in 
the GoM case: (1) Oligocene fans may be insufficiently mapped; (2) Oligocene 
fans may be insufficiently sandy to be represented by the mapped extent of 
sandy facies; (3) sediment discharge during the Oligocene may have been ab­
normally low due to an overall dry continental interior climate; (4) sediment 
may have been preferentially stored on the shelf during Oligocene icehouse 
climate conditions (e.g., Sweet and Blum, 2016); or (5) sediment may have 
been trapped in shelf­margin growth­faulted structures and not transferred to 
the slope and basin floor (e.g., Brown et al., 2004).
Our reconstructed paleodrainage areas for Cenomanian, Paleocene–early 
Eocene, and Oligocene fluvial systems are large by modern global standards: 
they would rank within the top 40 of the >6300 rivers systems that discharge 
to the global coastal oceans today, and the larger Paleocene and Oligocene 
systems would rank in the top 10 (Syvitski and Milliman, 2007). Most fan sys­
tems predicted from our paleodrainage reconstructions, and measured in the 
GoM, also reside within the upper part of the scale domain in the Somme 
et al. (2009) database. Large fluvial systems such as these, with large fine­
grained sediment loads and low­gradient slopes by virtue of their large drain­
age  areas, produce large low­gradient fans that extend hundreds of kilome­
ters into the deeper parts of continental­margin sedimentary basins. Most 
analogs for basin­ floor fans have been derived from relatively short systems 
that formed in active­margin settings; however, large low­gradient rivers 
drain most of the terrestrial landscape that contributes water and sediment 
to the coastal oceans in the modern world (see Milliman and Syvitski, 1992), a 
situation that seems likely for most of Earth history as well. We think it likely 
that large fan systems are more common in the ancient record of continental 
margins than heretofore thought.
CONCLUSIONS
This paper presents a large data set of U­Pb and Pb­Pb ages on detrital zir­
cons (DZs) from Cenomanian, Paleocene–early Eocene, and Oligocene fluvial 
sandstones of the northern Gulf of Mexico (GoM) continental margin. We used 
DZ­based provenance and geochronological data to reconstruct paleodrain­
age areas and lengths for sediment­routing systems that have been important 
to the GoM sedimentary basin during deposition of Cenomanian Tuscaloosa­ 
Woodbine, early Paleocene and late Paleocene–early Eocene Wilcox, and 
Oligo cene Vicksburg­Frio clastic wedges. This research was conducted in par­
allel with Milliken et al. (2015), who independently measured point­bar thick­
nesses from well logs for these and other stratigraphic intervals as a proxy 
for paleodrainage area and length. We then used source­to­sink scaling rela­
tionships to estimate the length scales of basin­floor fans from reconstructed 
paleodrainage areas and lengths, and compared those estimates to measure­
ments from a large GoM database (Snedden et al., 2017).
Our interpretations regarding paleodrainage reconstruction and sediment 
routing can be summarized as follows:
• The template of present­day GoM contributing drainage area can be 
traced to latest Cretaceous continental­scale drainage reorganization 
TABLE 3. SUMMARY OF PALEODRAINAGE RECONSTRUCTIONS, PREDICTED BASIN-FLOOR FAN SCALES, AND MEASURED FAN SCALES, GULF OF MEXICO
Paleodrainage system
Reconstructed drainage 
area from DZ studies
Reconstructed drainage 
area from point-bar scales
Reconstructed drainage 
length from DZ studies
Predicted basin-floor fan
lengths (Lf = 0.1–0.5 Ldb)
Measured basin-
floor fan lengths
Cenomanian paleo-Tennessee 400,000 km2 300,000 km2 1600 km 160–800 km 670 km
Cenomanian paleo–Colorado-Brazos <150,000 km2 180,000 km2 300 km 30–150 km <100 km
Early Paleocene Paleo-Mississippi 1,200,000 km2 1,300,000 km2 2000 km 200–1000 km 383 km
Early Paleocene paleo–Colorado-
Brazos
2,200,000 km2 1,600,000 km2 2750 km 275–1375 km 398 km
Early Paleocene paleo–Rio Grande 500,000 km2 1,300,000 km2 1500 km 150–750 km †
Late Paleocene to earliest Eocene 
paleo-Mississippi
2,200,000 km2 1,600,000 km2 2500 km 250–1250 km 392 km
Late Paleocene to earliest Eocene 
paleo-Colorado
1,200,000 km2 1,900,000 km2 1800 km 180–900 km 482 km
Oligocene paleo-Mississippi 1,500,000 km2 1,500,000 km2 1200 km 120–600 km 7 km
Oligocene paleo–Colorado-Brazos 600,000 km2 700,000 km2 1200 km 120–600 km 13 km
Oligocene paleo–Rio Grande 700,000 km2* 1,000,000 km2 1200 km* 120–600 km 133–347 km
Note: Reconstructed drainage areas from point-bar thickness measurements are from Milliken et al. (2015), whereas measured basin-floor fan lengths are from Snedden et al.
(2017). Predictions and measurements in blue are consistent with each other, whereas those in red are not. DZ—detrital zircon; Lf—length of slope and basin-floor fan; Ldb—length 
of contributing drainage basin.
*Denotes drainage area and length estimates from Winker (1982).
†No measurements were made for this interval and area.
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(Blum and Pecha, 2014). During the mid­Cretaceous and earlier, the 
Appa lachian­Ouachita cordillera formed a continental divide that sepa­
rated drainage and sediment routing to the west and north from drainage 
to the GoM. During the Cenomanian, an ancestral Tennessee­Alabama 
River was the largest system contributing water and sediment to the GoM 
through the Mississippi embayment and to the Tuscaloosa depocenter 
in south Louisiana, with a series of smaller fluvial systems draining the 
Ouachitas and discharging sediment to the western GoM or the eastern 
margins of the Western Interior Seaway.
• By the early Paleocene, drainage of the southern half of North America 
had reorganized such that river systems with headwaters that stretched 
from the Western Cordillera to the Appalachians discharged to the 
GoM. The “Rockdale” deltaic depocenter in the Houston embayment of 
east­central Texas has long been recognized as the primary Paleocene 
Wilcox depocenter; the early Paleocene Rockdale delta was fed by the 
paleo–Brazos­Colorado River, which had headwaters that stretched from 
northwest Mexico to southern California to southern Utah and Colorado, 
then flowed east­southeast to the Houston embayment.
• We interpret Paleocene paleodrainage of, and sediment routing from, 
the Mojave and Sierra Nevada parts of the magmatic arc farther north 
to be descendant from Late Cretaceous fluvial systems in south­central 
Utah (e.g., Szwarc et al., 2015), and consistent with the Eocene Califor­
nia River of Davis et al. (2010) and Dickinson et al. (2012), which flowed 
from the Mojave part of the arc to east­central Utah. Similarly, the mag­
matic arc farther north in Idaho was drained by an ancestor of the Eocene 
Idaho River of Chetel et al. (2011), which flowed from central Idaho to the 
greater Green River basin in Wyoming. These systems represent river 
systems that were extant during the Late Cretaceous and extended east­
ward following withdrawal of the Western Interior Seaway to form the 
headwaters of an ancestral Platte River. This paleo­Platte emerged from 
the Laramide Rockies and was routed south through the Great Plains, 
through a moat caused by eastward­propagating dynamic subsidence, 
to join the paleo–Brazos­Colorado River and discharge to the Rockdale 
depocenter. Along the way, this paleo­Platte system was joined by the 
ancestral Arkansas and Red Rivers as well, such that most of the West­
ern Cordillera, including the Laramide Rockies, contributed sediment to 
the Rockdale depocenter. Paleodrainage areas and lengths for this early 
Paleocene Wilcox system exceeded 2,000,000 km2 and 2000 km, respec­
tively, and the paleo–Brazos­Colorado River represented the conti nental­
scale system of that time.
• A paleo–Mississippi River had emerged within the northern Mississippi 
embayment by the early Paleocene as well, with a drainage that extended 
into the U.S. midcontinent, but was not yet integrated with the Rocky 
Mountains. During this time, a paleo­Tennessee system continued to 
flow to the southwest from the Appalachians, but it remains unknown 
whether this paleo­Tennessee system joined the paleo­Mississippi within 
the southern Mississippi embayment to deliver water and sediment to the 
Wilcox “Holly Springs” deltaic depocenter, or discharged independently 
to the GoM farther to the east.
• By the latest Paleocene, the ancestral Platte and Arkansas Rivers, with 
their extensive Western Cordilleran headwater regions, are interpreted 
to have been captured and routed through the present bedrock valley of 
the Arkansas River to the Mississippi embayment, where they joined the 
ancestral Mississippi to deliver water and sediment to the Wilcox Holly 
Springs deltaic depocenter. Sediment supply to the Rockdale system 
would have diminished accordingly, with accretion of new supply to the 
Holly Springs system, and the paleo­Mississippi was, for the first time, 
linked with the Laramide Rockies and beyond. However, the connection 
between the paleo­Mississippi and the Western Cordillera hinterlands, 
via the California and Idaho Rivers, was severed shortly thereafter in 
the early Eocene when Laramide basins became endorheic and trapped 
 water and sediment.
• By the Oligocene, the western headwaters and drainage divide for the 
paleo–Colorado­Brazos system had migrated significantly to the east to 
present­day southern Colorado, western New Mexico, and eastern Ari­
zona, with corresponding decreases in water and sediment contributions 
to the northwestern GoM margin and Houston embayment. Moreover, 
the ancestral Platte system likely drained to the east and north, rather than 
east and south into the Mississippi embayment, hence western drainage 
contributions to the GoM as a whole had decreased significantly. How­
ever, the paleo–Arkansas­Red systems joined the paleo­Mississippi in the 
southern Mississippi embayment, and the paleo­Tennessee was diverted 
to the north toward its present­day junction with the Ohio River by this 
time, thus becoming a tributary to the paleo­Mississippi within the north­
ern Mississippi embayment. Hence, the paleo­Mississippi was the largest 
Oligocene system of the northern GoM margin, with drainage area and 
length estimated at 1,500,000 km2 and 1200 km, respectively.
• Although not part of this study, previous work by Winker (1982) and Gal­
loway et al. (2011) shows that the major Oligocene depocenter for the 
GoM as a whole was located in the Rio Grande embayment, and likely 
represents a paleo–Rio Grande–Rio Bravo system that drained the Mexi­
can Cordillera.
We used drainage areas and lengths from our paleodrainage reconstruc­
tions to predict the length scales of basin­floor fans in the deepwater GoM 
using scaling relationships in Somme et al. (2009) and Blum et al. (2013). For 
the Cenomanian, we predict a paleo–Tennessee­Alabama basin­floor fan sys­
tem with lengths of 160–800 km in the east­central GoM, with a very minor 
system in the western GoM. By contrast, the large drainage areas and lengths 
of both early and late Paleocene rivers lead to predictions of essentially basin­ 
filling fans associated with the Rockdale and Holly Springs depocenters, with 
lengths of 200–1000  km or more. We predict the Rockdale basin­floor fan 
system to have been the largest and most volumetrically significant during 
the early Paleocene, with the paleo­Mississippi Holly Springs fan system to 
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have been the most significant during the late Paleocene, following capture 
of the paleo–Platte­Arkansas systems. The predicted scales of basin­ floor fans 
for each depocenter are of the same scale as or larger than the modern Missis­
sippi fan and reside within the upper part of the scale domain for all modern 
fans that have been measured (Somme et  al., 2009). Our Cenomanian and 
Paleocene predictions bracket measurements of fan scales (Snedden et  al., 
2017) and our early Paleocene and late Paleocene–early Eocene fan scales 
and locations are consistent with mapping by Zarra (2007). By contrast, for 
the Oligocene, our drainage reconstructions predict smaller fan systems for 
the northwestern GoM and the paleo­Mississippi system in the central GoM, 
relative to their Paleocene–early Eocene precursors. However, measurements 
by Snedden et al. (2017) show very small fan systems for these areas, with the 
largest Oligocene fans related to a paleo–Rio Grande system that drained the 
Mexican Cordillera. With the notable exception of the Oligocene, measured 
fans reside within the range of our predictions.
Considered broadly, this research was designed as a first­order test of 
source­to­sink concepts (see Somme et al., 2009; Helland­Hansen et al., 2016) 
in a well­known sedimentary basin. Our DZ record is based on systematic 
sampling for discrete time slices within the GoM basin fill as a whole, and 
demonstrates that distinct paleodrainage areas and sediment­routing systems 
can be differentiated in a manner that is, in aggregate, consistent with but 
refines previous work (e.g., Galloway et al., 2011) and can be accomplished in 
a relatively short period of time. Coupled with independent metrics of point­
bar thicknesses for these same units in the outcrop or subsurface, this ap­
proach can be exported to other basins that are less data rich to predict the 
basinward extent of basin­floor fans and/or can be used in an iterative way 
to examine inconsistencies in paleogeographic interpretations and/or genetic 
understanding.
ACKNOWLEDGMENTS
Detrital­zircon provenance and geochronology studies were conducted while M. Blum worked at 
ExxonMobil Upstream Research. We thank ExxonMobil for supporting this research and for re­
leasing these data for publication and into the public domain. We also thank University of Arizona 
Laserchron Center staff for processing samples, and Martin Pepper (University of Arizona), Em­
ily Finzel (University of Iowa, formerly ExxonMobil Exploration), and Kim Roush (Montana State 
University, formerly ExxonMobil Upstream Research) for assistance with sample collection. Last, 
we thank reviewers Bill Craddock and Tim Lawton for their helpful comments and suggestions.
REFERENCES CITED
Adams, G.I., 1928, The course of the Tennessee River and the physiography of the southern Appa­
lachian region: The Journal of Geology, v. 36, p. 481–493, doi: 10 .1086 /623543 .
Adams, R.L., and Carr, J.P., 2010, Regional depositional systems of the Woodbine, Eagle Ford, 
and Tuscaloosa of the U.S. Gulf Coast: Gulf Coast Association of Geological Societies Trans­
actions, v. 60, p. 3–27.
Ambrose, W.A., Hentz, T.F., Bonnaffé, F., Loucks, R.G., Brown, L.F., Jr., Wang, F.P., and Potter, E.C., 
2009, Sequence­stratigraphic controls on complex reservoir architecture of highstand fluvial­ 
dominated deltaic and lowstand valley­fill deposits in the Upper Cretaceous (Cenomanian) 
Woodbine Group, East Texas field: Regional and local perspectives: American Association of 
Petroleum Geologists Bulletin, v. 93, p. 231–269, doi: 10 .1306 /09180808053 .
Andersen, T., 2005, Detrital zircons as tracers of sedimentary provenance: Limiting conditions 
from statistics and numerical simulation: Chemical Geology, v. 216, p. 249–270, doi: 10 .1016 
/j .chemgeo .2004 .11 .013 .
Armstrong, R.L., and Ward, P.L., 1993, Late Triassic to earliest Eocene magmatism in the North 
American Cordillera: Implications for the western interior basin, in Caldwell, W.G.E., and 
Kauffman, E.G., eds., Evolution of the Western Interior Basin: Geological Association of Can­
ada Special Paper 39, p. 49–72.
Becker, T.P., Thomas, W.A., Samson, S.D., and Gehrels, G.E., 2005, Detrital zircon evidence of Lauren­
tian crustal dominance in the lower Pennsylvanian deposits of the Alleghanian clastic wedge in 
eastern North America: Sedimentary Geology, v. 182, p. 59–86, doi: 10 .1016 /j .sedgeo .2005 .07 .014 .
Bentley, S.J., Blum, M.D., Maloney, J., Pond, L., and Paulsell, R., 2015, The Mississippi River source­
to­sink system: Perspectives on tectonic, climatic, and anthropogenic influences, Miocene to 
Anthropocene: Earth­Science Reviews, v. 153, p. 139–174, doi: 10 .1016 /j .earscirev .2015 .11 .001 .
Blum, M.D., and Aslan, A., 2006, Signatures of climate vs. sea­level change within incised valley­fill 
successions: Quaternary examples from the Texas Gulf Coast: Sedimentary Geology, v. 190, 
p. 177–211, doi: 10 .1016 /j .sedgeo .2006 .05 .024 .
Blum, M.D., and Pecha, M.A., 2014, Mid­Cretaceous to Paleocene North American drainage 
reorgani zation from detrital zircons: Geology, v. 42, p. 607–610, doi: 10 .1130 /G35513 .1 .
Blum, M.D., and Price, D.M., 1998, Quaternary alluvial plain construction in response to glacio­ 
eustatic and climatic controls, Texas Gulf coastal plain, in Shanley, K., and McCabe, P., eds., 
Relative Role of Eustasy, Climate, and Tectonism in Continental Rocks: SEPM (Society for Sedi­
mentary Geology) Special Publication 59, p. 31–48, doi: 10 .2110 /pec .98 .59 .0031 .
Blum, M.D., Martin, J.M., Milliken, K.T., and Garvin, M.P., 2013, Palaeovalley systems: Insights from 
Quaternary analogs and experimental studies: Earth­Science Reviews, v. 116, p. 128–169, doi: 
10 .1016 /j .earscirev .2012 .09 .003 .
Blum, M.D., Milliken, K.T., and Snedden, J.W., 2016, Cenomanian Gulf of Mexico paleodrainage 
from detrital zircons: Source­to­sink sediment dispersal and prediction of basin­floor fans, in 
Proceedings, Mesozoic of the Gulf Rim and Beyond: New Progress in Science and Exploration 
of the Gulf of Mexico Basin: 35th Annual Gulf Coast Section, SEPM (Society for Sedimentary 
Geology) Foundation Perkins­Rosen Research Conference, Houston, Texas, 3–9 December.
Brenner, R.L., Ludvigson, G.A., Witzke, B.J., Zawistowski, A.N., Kvale, E.P., Ravn, R.L., and Joeckel, 
R.M., 2000, Late Albian Kiowa–Skull Creek marine transgression, lower Dakota Formation, 
eastern margin of the Western Interior Seaway, U.S.A.: Journal of Sedimentary Research, 
v. 70, p. 868–878, doi: 10 .1306 /2DC4093E ­0E47 ­11D7 ­8643000102C1865D .
Brown, L.F., Jr., and Loucks, R.G., 2009, Chronostratigraphy of Cenozoic depositional sequences 
and systems tracts: A Wheeler chart of the northwest margin of the Gulf of Mexico Basin: 
University of Texas at Austin Bureau of Economic Geology Report of Investigations 273, 28 p.
Brown, L.F., Jr., Loucks, R.G., Trevio, R.H., and Hammes, U., 2004, Understanding growth­faulted, 
intraslope subbasins by applying sequence­stratigraphic principles: Examples from the south 
Texas Oligocene Frio Formation: American Association of Petroleum Geologists Bulletin, v. 88, 
p. 1501–1522, doi: 10 .1306 /07010404023 .
Carroll, A.R., Chetel, L.M., and Smith, M.E., 2006, Feast to famine: Sediment supply control on 
Laramide basin fill: Geology, v. 34, p. 197–200, doi: 10 .1130 /G22148 .1 .
Cather, S.M., Connell, S.D., Chamberlin, R.M., McIntosh, W.C., Jones, G.E., Potochnik, A.R., Lucas, 
S.G., and Johnson, P.S., 2008, The Chuska erg: Paleogeomorphic and paleoclimatic implica­
tions of an Oligocene sand sea on the Colorado Plateau: Geological Society of America Bulle­
tin, v. 120, p. 13–33, doi: 10 .1130 /B26081 .1 .
Cawood, P.A., Hawkesworth, C.J., and Dhuime, B., 2012, Detrital zircon record and tectonic setting: 
Geology, v. 40, p. 875–878, doi: 10 .1130 /G32945 .1 .
Chamberlain, C.P., Mix, H.T., Mulch, A., Hren, M.T., Kent­Corson, M.L., Davis, S.J., Horton, T.W., and 
Graham, S.A., 2012, The Cenozoic climatic and topographic evolution of the western North 
American Cordillera: American Journal of Science, v. 312, p. 213–262, doi: 10 .2475 /02 .2012 .05 .
Chapin, C.E., 2012, Origin of the Colorado mineral belt: Geosphere, v.  8, p.  28–43, doi: 10 .1130 
/GES00694 .1 .
Chapin, C.E., Wilks, M., and McIntosh, W.C., 2004, Space­time patterns of Late Cretaceous to pres­
ent magmatism in New Mexico: Comparison with Andean volcanism and potential for future 
volcanism, in Cather, S.M., McIntosh, W.C., and Kelley, S.A., eds., Tectonics, Geochronology, 
and Volcanism in the Southern Rocky Mountains and Rio Grande Rift: New Mexico Bureau of 
Geology and Mineral Resources Bulletin 160, p. 13–40.
Chase, C.G., Gregory­Wodzicki, K.M., Parrish, J.T., and DeCelles, P.G., 1998, Topographic history of 
the western Cordillera of North America and controls on climate, in Crowley, T.J., and Burke, 
Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/13/6/2169/3991301/2169.pdf
by University of Kansas user
on 26 October 2018
Research Paper
2203Blum et al. | Gulf of Mexico drainage integration and sediment routing from detrital zirconsGEOSPHERE | Volume 13 | Number 6
K.C., eds., Tectonic Boundary Conditions for Climate Reconstructions: New York, Oxford Uni­
versity Press, p. 73–99.
Chetel, L.M., Janecke, S.U., Carroll, A.R., Beard, B.L., Johnson, C.M., and Singer, B.S., 2011, Paleo­
geographic reconstruction of the Eocene Idaho River, North American Cordillera: Geological 
Society of America Bulletin, v. 123, p. 71–88, doi: 10 .1130 /B30213 .1 .
Cox, R.T., and Van Arsdale, R.B., 2002, The Mississippi Embayment, North America: A first order 
continental structure generated by the Cretaceous superplume mantle event: Journal of Geo­
dynamics, v. 34, p. 163–176, doi: 10 .1016 /S0264 ­3707 (02)00019 ­4 .
Crabaugh, J.P., 2001, Nature and growth of nonmarine­to­marine clastic wedges: Examples from 
the Upper Cretaceous Iles Formation, Western Interior (Colorado) and the lower Paleogene 
Wilcox Group of the Gulf of Mexico Basin (Texas) [unpublished Ph.D. thesis]: Laramie, Uni­
versity of Wyoming, 235 p.
Crabaugh, J.P., and Elsik, W.C., 2000, Calibration of the Texas Wilcox Group to the revised Cenozoic 
Time Scale: Recognition of four, third­order clastic wedges (2.7–3.3 m.y. in duration): South 
Texas Geological Society Bulletin, v. 41, p. 10–17.
Craddock, W.H., and Kylander­Clark, A.R., 2013, U­Pb ages of detrital zircons from the Tertiary 
Mississippi River Delta in central Louisiana: Insights into sediment provenance: Geosphere, 
v. 9, p. 1832–1851, doi: 10 .1130 /GES00917 .1 .
Damuth, J.E., and Olson, H.C., 2015, Latest Quaternary sedimentation in the northern Gulf of Mex­
ico Intraslope Basin Province: I. Sediment facies and depositional processes: Geosphere, v. 11, 
p. 1689–1718, doi: 10 .1130 /GES01090 .1 .
Davis, S.J., Dickinson, W.R., Gehrels, G.E., Spencer, J.E., Lawton, T.F., and Carroll, A.R., 2010, 
The Paleogene California River: Evidence of Mojave­Uinta paleodrainage from U­Pb ages of 
 detrital zircons: Geology, v. 38, p. 931–934, doi: 10 .1130 /G31250 .1 .
DeCelles, P.G., 2004, Late Jurassic to Eocene evolution of the Cordilleran thrust belt and foreland 
basin system, western U.S.A.: American Journal of Science, v. 304, p. 105–168, doi: 10 .2475 
/ajs .304 .2 .105 .
DeCelles, P.G., Ducea, M.N., Kapp, P., and Zandt, G., 2009, Cyclicity in Cordilleran orogenic sys­
tems: Nature Geoscience, v. 2, p. 251–257, doi: 10 .1038 /ngeo469 .
Dickinson, W.R., and Gehrels, G.E., 2008, Sediment delivery to the Cordilleran foreland basin: In­
sights from U­Pb ages of detrital zircons in Upper Jurassic and Cretaceous strata of the Colo­
rado Plateau: American Journal of Science, v. 308, p. 1041–1082.
Dickinson, W.R., and Gehrels, G.E., 2009a, U­Pb ages of detrital zircons in Jurassic eolian and 
associated sandstones of the Colorado Plateau: Evidence for transcontinental dispersal and 
intraregional recycling of sediment: Geological Society of America Bulletin, v. 121, p. 408–433, 
doi: 10 .1130 /B26406 .1 .
Dickinson, W.R., and Gehrels, G.E., 2009b, Use of U­Pb ages of detrital zircons to infer maximum 
depositional ages of strata: A test against a Colorado Plateau Mesozoic database: Earth and 
Planetary Science Letters, v. 288, p. 115–125, doi: 10 .1016 /j .epsl .2009 .09 .013 .
Dickinson, W.R., Lawton, T.F., Pecha, M., Davis, S.J., Gehrels, G.E., and Young, R.A., 2012, Prov­
enance of the Paleogene Colton Formation (Uinta Basin) and Cretaceous–Paleogene prove­
nance evolution in the Utah foreland: Evidence from U­Pb ages of detrital zircons, paleocur­
rent trends, and sandstone petrofacies: Geosphere, v. 8, p. 854–880, doi: 10 .1130 /GES00763 .1 .
Dockery, D.T., and Thompson, D.E., 2016, The Geology of Mississippi: Jackson, University Press 
of Mississippi, 751 p.
Ducea, M.N., 2001, The California arc: Thick granitic batholiths, eclogitic residues, lithospheric­ 
scale thrusting, and magmatic flare­ups: GSA Today, v. 11, no. 11, p. 4–10, doi: 10 .1130 /1052 
­5173 (2001)011 <0004: TCATGB>2 .0 .CO;2 .
Ducea, M.N., and Barton, M.D., 2007, Igniting flare­up events in Cordilleran arcs: Geology, v. 35, 
p. 1047–1050, doi: 10 .1130 /G23898A .1 .
Dumitru, T.A., Ernst, W.G., Wright, J.E., Wooden, J.L., Wells, R.E., Farmer, L.P., and Graham, S.A., 
2013, Eocene extension in Idaho generated massive sediment floods into the Franciscan 
trench and into the Tyee, Great Valley, and Green River basins: Geology, v. 41, p. 187–190, doi: 
10 .1130 /G33746 .1 .
Edwards, M.B., 1981, Upper Wilcox Rosita delta system of south Texas: Growth­faulted shelf­edge 
deltas: American Association of Petroleum Geologists Bulletin, v. 65, p. 54–73.
Elsik, W.C., and Crabaugh, J.P., 2001, Palynostratigraphy of the upper Paleocene and lower 
 Eocene Wilcox Group in the northwestern Gulf of Mexico basin, in Goodman, D.K., and 
Clarke, R.T., eds., Proceedings of the IX International Palynological Congress, Houston, Texas, 
U.S.A., 1996: Dallas, Texas, American Association of Stratigraphic Palynologists Foundation, 
p. 233–237.
Eriksson, K.A., Campbell, I.H., Palin, J.M., and Allen, C.M., 2003, Predominance of Grenvillian mag­
matism recorded in detrital zircons from modern Appalachian rivers: The Journal of Geology, 
v. 111, p. 707–717, doi: 10 .1086 /378338 .
Eriksson, K.A., Campbell, I.H., Palin, J.M., Allen, C.M., and Bock, B., 2004, Evidence for multiple 
recycling in Neoproterozoic through Pennsylvanian sedimentary rocks of the central Appala­
chian basin: The Journal of Geology, v. 112, p. 261–276, doi: 10 .1086 /382758 .
Ernst, W.G., 2010, Young convergent­margin orogens, climate, and crustal thickness—A Late Cre­
taceous–Paleogene Nevadaplano in the American Southwest?: Lithosphere, v. 2, p. 67–75, doi: 
10 .1130 /L84 .1 .
Fan, M., Mankin, A., and Chamberlain, K., 2015, Provenance and depositional ages of late Paleo­
gene fluvial sedimentary rocks in the central Rocky Mountains, USA: Journal of Sedimentary 
Research, v. 85, p. 1416–1430, doi: 10 .2110 /jsr .2015 .87 .
Ferrari, L., Valencia­Moreno, M., and Bryan, S., 2007, Magmatism and tectonics of the Sierra Madre 
Occidental and its relation with the evolution of the western margin of North America, in 
Alaniz­Álvarez, S.A., and Nieto­Samaniego, Á.F., eds., Geology of México: Celebrating the Cen­
tenary of the Geological Society of México: Geological Society of America Special Paper 422, 
p. 1–39, doi: 10 .1130 /2007 .2422 (01) .
Fildani, A., McKay, M.P., Stockli, D., Clark, J., Dykstra, M.L., Stockli, L., and Hessler, A.M., 2016, 
The ancestral Mississippi drainage archived in the late Wisconsin Mississippi deep­sea fan: 
Geology, v. 44, p. 479–482, doi: 10 .1130 /G37657 .1 .
Finzel, E.S., 2014, Detrital zircons from Cretaceous midcontinent strata reveal an Appalachian Moun­
tains–Cordilleran foreland basin connection: Lithosphere, v. 6, p. 378–382, doi: 10 .1130 /L400 .1 .
Fisher, W.L., and McGowen, J.H., 1969, Depositional systems in Wilcox Group (Eocene) of Texas 
and their relation to occurrence of oil and gas: American Association of Petroleum Geologists 
Bulletin, v. 53, p. 30–54.
Flores, R.M., 2003, Paleocene paleogeographic, paleotectonic, and paleoclimatic patterns of the 
northern Rocky Mountains and Great Plains region, in Raynolds, R.G., and Flores, R.M., eds., 
Cenozoic Systems of the Rocky Mountain Region: Denver, Colorado, Rocky Mountain Section, 
SEPM (Society for Sedimentary Geology), p. 63–106.
Galloway, W.E., 1968, Depositional systems of the lower Wilcox Group, north­central Gulf Coast 
Basin: Gulf Coast Association of Geological Societies Transactions, v. 18, p. 275–289.
Galloway, W.E., 2008, Depositional evolution of the Gulf of Mexico sedimentary basin, in Hsü, K.J., 
ed., Sedimentary Basins of the World, Volume 5: The Sedimentary Basins of the United States 
and Canada: The Netherlands, Elsevier, p. 505–549.
Galloway, W.E., Hobday, D.K., and Magara, K., 1982, Frio Formation of Texas Gulf Coastal Plain: 
Depositional systems, structural framework, and hydrocarbon distribution: American Associ­
ation of Petroleum Geologists Bulletin, v. 66, p. 649–688.
Galloway, W.E., Whitaker, T.L., and Ganey­Curry, P.R., 2011, History of Cenozoic North American 
drainage basin evolution, sediment yield, and accumulation in the Gulf of Mexico basin: Geo­
sphere, v. 7, p. 938–973, doi: 10 .1130 /GES00647 .1 .
Gates, T.A., Sampson, S.D., Zanno, L.E., Roberts, E.M., Eaton, J.G., Nydam, R.L., Hutchison, J.H., 
Smith, J.A., Loewen, M.A., and Getty, M.A., 2010, Biogeography of terrestrial and freshwater ver­
tebrates from the late Cretaceous (Campanian) Western Interior of North America: Palaeo geog­
raphy, Palaeoclimatology, Palaeoecology, v. 291, p. 371–387, doi: 10 .1016 /j .palaeo .2010 .03 .008 .
Gehrels, G.E., 2012, Detrital zircon U­Pb geochronology: Current methods and new opportunities, 
in Busby, C., and Azor, A., eds., Tectonics of Sedimentary Basins: Recent Advances: Chichester, 
UK, John Wiley and Sons, p. 45–62, doi: 10 .1002 /9781444347166 .ch2 .
Gehrels, G.E., 2014, Detrital zircon U­Pb geochronology applied to tectonics: Annual Review of 
Earth and Planetary Sciences, v. 42, p. 127–149, doi: 10 .1146 /annurev ­earth ­050212 ­124012 .
Helland­Hansen, W., Sømme, T.O., Martinsen, O.J., Lunt, I., and Thurmond, J., 2016, Deciphering 
Earth’s natural hourglasses: Perspectives on source­to­sink analysis: Journal of Sedimentary 
Research, v. 86, p. 1008–1033, doi: 10 .2110 /jsr .2016 .56 .
Heller, P.L., and Liu, L., 2016, Dynamic topography and vertical motion of the U.S. Rocky Mountain 
region prior to and during the Laramide orogeny: Geological Society of America Bulletin, 
v. 128, p. 973–988, doi: 10 .1130 /B31431 .1 .
Iizuka, T., Hirata, T., Komiya, T., Rino, S., Katayama, I., Motoki, A., and Maruyama, S., 2005, U­Pb 
and Lu­Hf isotope systematics of zircons from the Mississippi River sand: Implications for 
reworking and growth of continental crust: Geology, v. 33, p. 485–488, doi: 10 .1130 /G21427 .1 .
Ingersoll, R.V., Grove, M., Jacobson, C.E., Kimbrough, D.L., and Hoyt, J.F., 2013, Detrital zircons 
indicate no drainage link between southern California rivers and the Colorado Plateau from 
mid­Cretaceous through Pliocene: Geology, v. 41, p. 311–314, doi: 10 .1130 /G33807 .1 .
Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/13/6/2169/3991301/2169.pdf
by University of Kansas user
on 26 October 2018
Research Paper
2204Blum et al. | Gulf of Mexico drainage integration and sediment routing from detrital zirconsGEOSPHERE | Volume 13 | Number 6
Jacobson, C.E., Grove, M., Pedrick, J.N., Barth, A.P., Marsaglia, K.M., Gehrels, G.E., and Nourse, 
J.A., 2011, Late Cretaceous–early Cenozoic tectonic evolution of the southern California mar­
gin inferred from provenance of trench and forearc sediments: Geological Society of America 
Bulletin, v. 123, p. 485–506, doi: 10 .1130 /B30238 .1 .
Joeckel, R.M., Ludvigson, G.A., Kvale, E.P., Brenner, R.L., Thomas, S.G., and Howard, L.M., 2005, 
Paleogeography and fluvial­estuarine architecture of the Dakota Formation (Cretaceous, 
 Albian), eastern Nebraska, USA, in Blum, M.D., Marriott, S.B., and Leclair, S.F., eds., Fluvial 
Sedimentology VII: IAS Special Publication 35: Oxford, UK, Blackwell Publishing Ltd., p. 321–
347, doi: 10 .1002 /9781444304350 .ch24 .
Johnson, D.W., 1905, The tertiary history of the Tennessee River: The Journal of Geology, v. 13, 
p. 194–231, doi: 10 .1086 /621220 .
Jones, M.T., Voss, S.R., Ptacek, M.B., Weisrock, D.W., and Tonkyn, D.W., 2006, River drainages and 
phylogeography: An evolutionary significant lineage of shovel­nosed salamander (Desmog-
nathus marmoratus) in the southern Appalachians: Molecular Phylogenetics and Evolution, 
v. 38, p. 280–287, doi: 10 .1016 /j .ympev .2005 .05 .007 .
Knox, J.C., 2007, The Mississippi River system, in Gupta, A., ed., Large Rivers: Geomorphology and 
Management: Chichester, UK, John Wiley and Sons. p. 145–182, doi: 10 .1002 /9780470723722 
.ch9 .
Konstantinou, A., Wirth, K.R., Vervoort, J.D., Malone, D.H., Davidson, C., and Craddock, J.P., 2014, 
Provenance of quartz arenites of the early Paleozoic midcontinent region, USA: The Journal of 
Geology, v. 122, p. 201–216, doi: 10 .1086 /675327 .
Larson, E.E., and Evanoff, E., 1998, Tephrostratigraphy and source of tuffs of the White River se­
quence, in Terry, D.O., LaGarry, H.E., and Hunt, R.M., eds., Depositional Environments, Litho­
stratigraphy, and Biostratigraphy of the White River and Arikaree Groups (Late Eocene to 
Early Miocene, North America): Geological Society of America Special Paper 325, p. 1–14, doi: 
10 .1130 /0 ­8137 ­2325 ­6 .1 .
Laskowski, A.K., DeCelles, P.G., and Gehrels, G.E., 2013, Detrital zircon geochronology of Cordi­
lleran retroarc foreland basin strata, western North America: Tectonics, v. 32, p. 1027–1048, 
doi: 10 .1002 /tect .20065 .
Lawton, T.F., Bradford, I.A., Vega, F.J., Gehrels, G.E., and Amato, J.M., 2009, Provenance of Up­
per Cretaceous–Paleogene sandstones in the foreland­basin system of the Sierra Madre 
Oriental, northeastern Mexico, and its bearing on fluvial dispersal systems of the Mexican 
Laramide Province: Geological Society of America Bulletin, v. 121, p. 820–836, doi: 10 .1130 
/B26450 .1 .
Lechler, A.R., and Niemi, N.A., 2011, Sedimentologic and isotopic constraints on the Paleogene 
paleogeography and paleotopography of the southern Sierra Nevada, California: Geology, 
v. 39, p. 379–382, doi: 10 .1130 /G31535 .1 .
Liu, L., 2015, The ups and downs of North America: Evaluating the role of mantle dynamic 
topog raphy since the Mesozoic: Reviews of Geophysics, v. 53, p. 1022–1049, doi: 10 .1002 
/2015RG000489 .
Liu, L., Gurnis, M., Seton, M., Saleeby, J., Müllwe, R.D., and Jackson, J.M., 2010, The role of oceanic 
plateau subduction in the Laramide orogeny: Nature Geoscience, v. 3, p. 353–357, doi: 10 .1038 
/ngeo829 .
Liu, S., Nummedal, D., and Gurnis, M., 2014, Dynamic versus flexural controls of Late Cretaceous 
Western Interior Basin, USA: Earth and Planetary Science Letters, v. 389, p. 221–229, doi: 10 
.1016 /j .epsl .2014 .01 .006 .
Mackey, G.N., Milliken, K.L., and Horton, B.K., 2012, Provenance of the Paleocene–Eocene Wilcox 
Group, western Gulf of Mexico basin: Evidence for integrated drainage of the southern Lara­
mide Rocky Mountains and Cordilleran arc: Geological Society of America Bulletin, v. 124, 
p. 1007–1024, doi: 10 .1130 /B30458 .1 .
Malusà, M.G., Resentini, A., and Garzanti, E., 2016, Hydraulic sorting and mineral fertility bias in 
detrital geochronology: Gondwana Research, v. 31, p. 1–19, doi: 10 .1016 /j .gr .2015 .09 .002 .
Mancini, E.A., 1988, Geologic map of Alabama: Geological Survey of Alabama Special Map 220, 
scale 1:250,000.
Mancini, E.A., and Puckett, T.M., 2002, Transgressive­regressive cycles in Lower Cretaceous strata, 
Mississippi Interior Salt Basin area of the northeastern Gulf of Mexico, USA: Cretaceous Re­
search, v. 23, p. 409–438, doi: 10 .1006 /cres .2002 .1012 .
Mancini, E.A., and Puckett, T.M., 2005, Jurassic and Cretaceous transgressive­regressive (T­R) 
 cycles, northern Gulf of Mexico, USA: Stratigraphy, v. 2, p. 31–48.
Mancini, E.A., Obid, J., Badali, M., Liu, K., and Parcell, W.C., 2008, Sequence­stratigraphic analysis 
of Jurassic and Cretaceous strata and petroleum exploration in the central and eastern Gulf 
coastal plain, United States: American Association of Petroleum Geologists Bulletin, v. 92, 
p. 1655–1686, doi: 10 .1306 /08130808046 .
May, S.R., Gray, G.G., Summa, L.L., Stewart, N.R., Gehrels, G.E., and Pecha, M.E., 2013, Detrital­ 
zircon geochronology from the Bighorn Basin, Wyoming, USA: Implications for tectono­
strati graphic evolution and paleogeography: Geological Society of America Bulletin, v. 125, 
p. 1403–1422, doi: 10 .1130 /B30824 .1 .
Mayden, R.L., 1988, Vicariance biogeography, parsimony, and evolution in North American fresh­
water fishes: Systematic Biology, v. 37, p. 329–355, doi: 10 .1093 /sysbio /37 .4 .329 .
McDowell, F.W., Roldán­Quintana, J., and Connelly, J.N., 2001, Duration of Late Cretaceous–early 
Tertiary magmatism in east­central Sonora, Mexico: Geological Society of America Bulletin, 
v. 113, p. 521–531, doi: 10 .1130 /0016 ­7606 (2001)113 <0521: DOLCET>2 .0 .CO;2 .
McQuarrie, N., and Wernicke, B.P., 2005, An animated tectonic reconstruction of southwestern 
North America since 36 Ma: Geosphere, v. 1, p. 147–172, doi: 10 .1130 /GES00016 .1 .
Meyer, D., Zarra, L., and Yun, J., 2007, From BAHA to Jack, evolution of the lower Tertiary Wilcox 
trend in the deepwater Gulf of Mexico: The Sedimentary Record, v. 5, no. 3, p. 4–9.
Milliken, K.T., Blum, M.D., Snedden, J.W., and Galloway, W.E., 2015, Utilizing channel­belt scal­
ing parameters to constrain discharge and drainage basin character with application to the 
Cretaceous to Tertiary evolution of the Gulf of Mexico: AAPG Search and Discovery, Article 
#90216, 25 p.
Milliman, J.D., and Syvitski, J.P.M., 1992, Geomorphic/tectonic control of sediment discharge 
to the ocean: The importance of small mountainous rivers: The Journal of Geology, v. 100, 
p. 525–544, doi: 10 .1086 /629606 .
Moecher, D.P., and Samson, S.D., 2006, Differential zircon fertility of source terranes and natural 
bias in the detrital­zircon record: Implications for sedimentary provenance analysis: Earth and 
Planetary Science Letters, v. 247, p. 252–266, doi: 10 .1016 /j .epsl .2006 .04 .035 .
NSF MARGINS Program, 2004, Science Plans 2004: New York, U.S. National Science Foundation 
MARGINS Program Office, Columbia University, 170 p.
Oliver, W.B., 1971, Depositional systems in the Woodbine Formation (Upper Cretaceous), north­
east Texas: University of Texas at Austin Bureau of Economic Geology Report of Investigations 
73, p. 37–57.
Olson, H.C., Snedden, J.W., and Cunningham, R., 2015, Development and application of a robust 
chronostratigraphic framework in Gulf of Mexico Mesozoic exploration: Interpretation (Tulsa), 
v. 3, p. 39–58, doi: 10 .1190 /INT ­2014 ­0179 .1 .
Painter, C.S., Carrapa, B., DeCelles, P.G., Gehrels, G.E., and Thomson, S.N., 2014, Exhumation of 
the North American Cordillera revealed by multi­dating of Upper Jurassic–Upper Cretaceous 
foreland basin deposits: Geological Society of America Bulletin, v. 126, p. 1439–1464, doi: 10 
.1130 /B30999 .1 .
Paola, C., and Mohrig, D., 1996, Palaeohydraulics revisited: Palaeoslope estimation in coarse­
grained braided rivers: Basin Research, v. 8, p. 243–254, doi: 10 .1046 /j .1365 ­2117 .1996 .00253 .x .
Park, H., Barbeau, D.L., Jr., Rickenbaker, A., Bachmann­Krug, D., and Gehrels, G.E., 2010, Appli­
cation of foreland basin detrital­zircon geochronology to the reconstruction of the southern 
and central Appalachian orogen: The Journal of Geology, v. 118, p. 23–44, doi: 10 .1086 /648400 .
Potochnik, A.R., 2001, Paleogeomorphic evolution of the Salt River region: Implications for Creta­
ceous­Laramide inheritance for ancestral Colorado River drainage, in Young, R.A., and  Spamer, 
E.E., eds., Colorado River: Origin and Evolution: Grand Canyon, Arizona, Grand Canyon Associ­
ation Monograph 12, p. 17–22.
Pullen, A., Ibanez­Mejia, M., Gehrels, G.E., Ibanez­Mejia, J.C., and Pecha, M., 2014, What hap­
pens when n=1000? Creating large­n geochronological datasets with LA­ICP­MS for geologic 
investigations: Journal of Analytical Atomic Spectrometry, v.  29, p.  971–980, doi: 10 .1039 
/c4ja00024b .
Romans, B.W., Castelltort, S., Covault, J.A., Fildani, A., and Walsh, J.P., 2016, Environmental sig­
nal propagation in sedimentary systems across timescales: Earth­Science Reviews, v.  153, 
p. 7–29, doi: 10 .1016 /j .earscirev .2015 .07 .012 .
Rowley, J., and Fan, M., 2016, Middle Cenozoic diachronous shift to eolian deposition in the cen­
tral Rocky Mountains: Timing, provenance, and significance for paleoclimate, tectonics, and 
paleo geog raphy: Geosphere, v. 12, p. 1795–1812, doi: 10 .1130 /GES01218 .1 .
Saleeby, J., 2003, Segmentation of the Laramide slab: Evidence from the southern Sierra Ne­
vada region: Geological Society of America Bulletin, v. 115, p. 655–668, doi: 10 .1130 /0016 ­7606 
(2003)115 <0655: SOTLSF>2 .0 .CO;2 .
Saylor, J.E., and Sundell, K.E., 2016, Quantifying comparison of large detrital geochronology data 
sets: Geosphere, v. 12, p. 203–220, doi: 10 .1130 /GES01237 .1 .
Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/13/6/2169/3991301/2169.pdf
by University of Kansas user
on 26 October 2018
Research Paper
2205Blum et al. | Gulf of Mexico drainage integration and sediment routing from detrital zirconsGEOSPHERE | Volume 13 | Number 6
Sharman, G.R., Graham, S.A., Grove, M., Kimbrough, D.L., and Wright, J.E., 2015, Detrital zircon 
provenance of the Late Cretaceous–Eocene California forearc: Influence of Laramide low­ 
angle subduction on sediment dispersal and paleogeography: Geological Society of America 
Bulletin, v. 127, p. 38–60, doi: 10 .1130 /B31065 .1 .
Shaulis, B.J., Lapen, T.J., Casey, J.F., and Reid, D.R., 2012, Timing and rates of flysch sedimenta­
tion in the Stanley Group, Ouachita Mountains, Oklahoma and Arkansas, USA: Constraints 
from U­Pb zircon ages of subaqueous ash­flow tuffs: Journal of Sedimentary Research, v. 82, 
p. 833–840, doi: 10 .2110 /jsr .2012 .68 .
Simon, J.I., Renne, P.R., and Mundil, R., 2008, Implications of pre­eruptive magmatic histories 
of zircons for U­Pb geochronology of silicic extrusions: Earth and Planetary Science Letters, 
v. 266, p. 182–194, doi: 10 .1016 /j .epsl .2007 .11 .014 .
Snedden, J.W., Virdell, J., Whiteaker, T.L., and Ganey­Curry, P., 2016, A basin­scale perspective 
on Cenomanian­Turonian (Cretaceous) depositional systems, greater Gulf of Mexico (USA): 
Interpretation (Tulsa), v. 4, p. 1–22, doi: 10 .1190 /INT ­2015 ­0082 .1 .
Snedden, J.W., Galloway, W.E., Milliken, K.T., Xu, J., Whitaker, T., and Blum, M.D., 2017, Validation 
of empirical source to sink scaling relationships in a continental scale system: The Gulf of 
Mexico Basin Cenozoic record: Geosphere, doi: 10 .1130 /GES01452 .1 (in press).
Somme, T.O., Helland­Hansen, W., Martinsen, O.J., and Thurmond, J.B., 2009, Relationships be­
tween morphological and sedimentological parameters in source­to­sink systems: A basis 
for predicting semi­quantitative characteristics in subsurface systems: Basin Research, v. 21, 
p. 361–387, doi: 10 .1111 /j .1365 ­2117 .2009 .00397 .x .
Sweet, M.L., and Blum, M.D., 2016, Connections between fluvial to shallow marine environments 
and submarine canyons: Implications for sediment transfer to deep water: Journal of Sedi­
mentary Research, v. 86, p. 1147–1162, doi: 10 .2110 /jsr .2016 .64 .
Swinehart, J.B., Souders, V.L., Degraw, H.M., and Diffendal, R.F., Jr., 1985, Cenozoic paleogeogra­
phy of western Nebraska, in Flores, R.M., and Kaplan, S.S., eds., Cenozoic Paleogeography of 
West­Central United States: Denver, Colorado, Rocky Mountain Section, SEPM (Society for 
Sedimentary Geology), p. 209–229.
Syvitski, J.P., and Milliman, J.D., 2007, Geology, geography, and humans battle for dominance over 
the delivery of fluvial sediment to the coastal ocean: The Journal of Geology, v. 115, p. 1–19, 
doi: 10 .1086 /509246 .
Szwarc, T.S., Johnson, C.L., Stright, L.E., and McFarlane, C.M., 2015, Interactions between axial 
and transverse drainage systems in the Late Cretaceous Cordilleran foreland basin: Evidence 
from detrital zircons in the Straight Cliffs Formation, southern Utah, USA: Geological Society 
of America Bulletin, v. 127, p. 372–392, doi: 10 .1130 /B31039 .1 .
Thomas, W.A., 1991, The Appalachian­Ouachita rifted margin of southeastern North America: Geo­
logical Society of America Bulletin, v. 103, p. 415–431, doi: 10 .1130 /0016 ­7606 (1991)103 <0415: 
TAORMO>2 .3 .CO;2 .
Thomas, W.A., 2011, Detrital­zircon geochronology and sedimentary provenance: Lithosphere, 
v. 3, p. 304–308, doi: 10 .1130 /RF .L001 .1 .
Thomas, W.A., Becker, T.P., Samson, S.D., and Hamilton, M.A., 2004, Detrital zircon evidence of a 
recycled orogenic foreland provenance for Alleghanian clastic­wedge sandstones: The Jour­
nal of Geology, v. 112, p. 23–37, doi: 10 .1086 /379690 .
Tye, R.S., Moslow, T.F., Kimbrell, W.C., and Wheeler, C.W., 1991, Lithostratigraphy and production 
characteristics of the Wilcox Group (Paleocene–Eocene) in central Louisiana: American Asso­
ciation of Petroleum Geologists Bulletin, v. 75, p. 1675–1713.
Vermeesch, P., 2004, How many grains are needed for a provenance study?: Earth and Planetary 
Science Letters, v. 224, p. 441–451, doi: 10 .1016 /j .epsl .2004 .05 .037 .
Vermeesch, P., 2013, Multi­sample comparison of detrital age distributions: Chemical Geology, 
v. 341, p. 140–146, doi: 10 .1016 /j .chemgeo .2013 .01 .010 .
Vermeesch, P., Resentini, A., and Garzanti, E., 2016, An R package for statistical provenance analy­
sis: Sedimentary Geology, v. 336, p. 14–25, doi: 10 .1016 /j .sedgeo .2016 .01 .009 .
Wahl, P.J., Yancey, T.E., Pope, M.C., Miller, B.V., and Ayers, W.B., 2016, U­Pb detrital zircon geochro­
nology of the Upper Paleocene to Lower Eocene Wilcox Group, east­central Texas: Geosphere, 
v. 12, p. 1517–1531, doi: 10 .1130 /GES01313 .1 .
Wang, C.Y., Campbell, I.H., Allen, C.M., Williams, I.S., and Eggins, S.M., 2009, Rate of growth of the 
preserved North American continental crust: Evidence from Hf and O isotopes in Mississippi 
detrital zircons: Geochimica et Cosmochimica Acta, v. 73, p. 712–728, doi: 10 .1016 /j .gca .2008 
.10 .037 .
Weislogel, A.L., Hunt, B., Lisi, A., Lovell, T., and Robinson, D.M., 2015, Detrital zircon provenance of 
the eastern Gulf of Mexico subsurface: Constraints on Late Jurassic paleogeography and sedi­
ment dispersal of North America, in Anderson, T.H., Didenko, A.N., Johnson, C.L., Khanchuk, 
A.I., and MacDonald, J.H., Jr., eds., Late Jurassic Margin of Laurasia: A Record of Faulting 
Accommodating Plate Rotation: Geological Society of America Special Paper 513, p. 89–105, 
doi: 10 .1130 /2015 .2513 (02) .
Wernicke, B., 1992, Cenozoic extensional tectonics of the U.S. Cordillera, in Burchfiel, B.C., Lipman, 
P.W., and Zoback, M.L., eds., The Cordilleran Orogen: Conterminous U.S.: Boulder, Colorado, 
Geological Society of America, Geology of North America, v. G3, p. 553–581.
Whitmeyer, S.J., and Karlstrom, K.E., 2007, Tectonic model for the Proterozoic growth of North 
America: Geosphere, v. 3, p. 220–259, doi: 10 .1130 /GES00055 .1 .
Winker, C.D., 1982, Cenozoic shelf margins, northwestern Gulf of Mexico: Gulf Coast Association 
of Geological Societies Transactions, v. 32, p. 427–448.
Witzke, B.J., and Ludvigson, G.A., eds., 1996, Mid­Cretaceous fluvial deposits of the eastern mar­
gin, Western Interior Basin: Nishnabotna Member, Dakota Formation—A field guide to the 
Cretaceous of Guthrie County: Iowa Geological Survey Bureau Guidebook 17, 75 p.
Woolf, K.S., 2012, Regional character of the lower Tuscaloosa Formation depositional systems 
and trends in reservoir quality [unpublished Ph.D. thesis]: Austin, The University of Texas at 
Austin, 241 p.
Wroblewski, A.F.­J., 2006, Relative influences of tectonism, climate, and sea level on valley incision 
and sedimentary fill: New insights from Upper Cretaceous and Paleocene examples, in Dal­
rymple, R.W., Leckie, D.A., and Tillman, R.W., eds., Incised Valleys in Time and Space: Society 
for Sedimentary Geology (SEPM) Special Publication No. 85, p. 309–326.
Xu, J., Snedden, J.W., Stockli, D.F., Fulthorpe, C.S., and Galloway, W.E., 2016, Early Miocene con­
tinental­scale sediment supply to the Gulf of Mexico Basin based on detrital zircon analysis: 
Geological Society of America Bulletin, v. 129, p. 3–22, doi: 10 .1130 /B31465 .1 .
Xu, J., Snedden, J.W., Galloway, W.E., Milliken, K.T., and Blum, M.D., 2017, Channel­belt scaling 
relationship and application to lower Miocene source­to­sink systems in the Gulf of Mexico 
basin: Geosphere, v. 13, p. 179–200, doi: 10 .1130 /GES01376 .1 .
Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K., 2001, Trends, rhythms, and aber­
rations in global climate 65 Ma to present: Science, v. 292, p. 686–693, doi: 10 .1126 /science 
.1059412 .
Zarra, L., 2007, Chronostratigraphic framework for the Wilcox Formation (upper Paleocene–lower 
Eocene) in the deep­water Gulf of Mexico: Biostratigraphy, sequences, and depositional sys­
tems, in Kennan, L., Pindell, J., and Rosen, N.C., eds., The Paleogene of the Gulf of Mexico and 
Caribbean Basins: Processes, Events, and Petroleum Systems: Proceedings of the 27th Annual 
GCSSEPM Foundation Bob F. Perkins Research Conference, p. 81–145.
Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/13/6/2169/3991301/2169.pdf
by University of Kansas user
on 26 October 2018
